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A B S T R A C T

The Rainy Creek complex represents a composite of successive intrusions of igneous rocks emplaced intothe Precambrian Belt Series, probably in m i d d l e Cretaceous time. The succession began with the emplace-ment of a body of coarse-grained biotite pyroxenite with a core of coarse-grained b io t i t i t e , which is con-sidered to have formed f r o m the accumulation of alkalie s and vo la t i l e s near the roof of the pyroxenite p lu t on .N o d u l e s in the bioti t i te appear to be xenoliths of altered u l t r a m a f i c rock. F o l l o w i n g this igneous phase,magnetite pyroxenite intruded a zone of weakness between the b io t i t e pyroxenite and the Belt Ser i e s , f o r m -ing a ring .dike surrounding the inner pyroxen i t e body. All of the u l t r a m a f i c rocks are considered to be p r o d -ucts of fractional c ry s ta l l i za t i on of a common parent magma. A v a i l a b l e mineralogic and exper imental d a t asuggest that the b i o t i t i t e and b i o t i t e pyroxeni t e were emplaced under high pH.o and f o , - T condi t i ons . Fen-itizing ions, which probab ly originated in deep-seated i j o l i t e or carbonatite, have altered par t of the BeltSeries adjacent to the magnet i t e pyroxeni t e .
I N T R O D U C T I O N

P U R P O S E , SCOPE, A N D M E T H O D S
T h i s is a geo log i c , p e t r o l o g i c , and geo-

chemical study of a body of u l t ramaf i c rocks
near Libby, Montana. Consanguineous al-
kaline rocks will be the s ub j e c t of a later
paper. Thi s zoned, composite body, known
herein as the Rainy Creek p l u t o n , contains
a large mass of altered b i o t i t e pyroxenite
that has been the major source of commer-
cial "vermiculite" in the world. For this
reason and also because this area has y i e l d e d
minerals of unusual interest, these depos i t s
are world famous. Earlier inves t igat ions ,
which have been brief and were hindered by
an incompleteness of outcrop and an inac-
cess ibi l i ty of most of the area, sugges ted a
mineralogic and structural s implic i ty now
known to be unreal. The present investiga-

. tibri, favored by the availabi l i ty of time,
both in the laboratory and f i e l d , and data; derived from many new dril l holes and arti-
f i c ia l exposures have shown that the p l u t o n
and related bodies are very complex.

1 Manuscript received Sept ember 28, 1966.
2 Present address: Department of Geochemistry

& Mineralogy, The Pennsylvania S t a t e Universi ty,
University Park, Pennsylvania 16802.

Thus, the purpose of this report is to
document the geo logy, p e t r o l o g y , and geo-
chemistry of these rocks and to propose an
origin for them. As this complex has many
a f f i n i t i e s with other well-known alkal ine-
u l t r a m a f i c centers, par t i cu lar ly those associ-
ated with carbonatite, the writer hopes that
this s tudy will contribute toward f u r t h e r
unders tanding of the general problems of
the origins of such rocks.

Most of the f i e l d work was done during
the summer months of 1962 and 1964. The
writer also benef i ted from employment at
Rainy Creek by the Zono l i t e Company in
1960 and by his m a p p i n g in this general
region for the Montana Bureau of Mine s
and Geology in 1961. The general geo logy of
the area was p l o t t e d on aerial p h o t o g r a p h s
and transferred to U . S . Fores t Service plani-
metric map 815-4-2. Z o n o l i t e Division topo-
graphic and proper ty maps and J. N e i l s
Lumber Company p lanime tr i c maps pro-
vided the base for the g e o l o g i c map (fig. 1).
Geologic maps of the Z o n o l i t e open pit mine
(a part of which is shown in f i g . 2) and of
e x p l o r a t i o n adi t s , not in c luded in this p a p e r ,
were prepared at a scale of 1:600 on base
maps surveyed by the writer with the as-
sistance of employees of the Z o n o l i t e Divi-
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t t I O l e v e l p r t - m m m g
o p e n p i l mine " ^ t o p o g r a p h y

E X P L A N A T I O N
M i l i - i o i i i n g s o n d m i n e - w a s t e d u m p s

60 E-silil M a g n e t i t e p y r o x e n i t e

P r e c o m b r i o n B e l t S e r i e s ( W o l l o c c F o r m o t i o n ) ,p r i n c i p o l l y o r g i l l i t e s o n d co l careous orgi K i t e s
-" G e o l o g i c c o n t o c t , d o s h e d where o p p r o x i m a t e

• G e o l o g i c c on to c t , p r o j e c t e d
"" F o u t t , da shed where a p p r o x i m a t e
— S y n c l i n a l axis

A n t i c l i n a l axis
-<35 S t r i k e a n d d i p o f s e d i m e n t a r y rocks
,̂ "~ B o u n d a r y ol o p e n pit mine

0 W VZ 3A I m i l e
G e o l o g y by A, L. S o e t t c h e

FIG. 1 . — G e o l o g i c map and in t e rpr e ta t i v e cross sections of the Rainy Creek complex



I G N E O U S C O M P L E X N E A R L I B B Y , M O N T A N A 527
sion. The m a g n e t i c survey map (fig. 3) was
cons truc t ed f r o m d a t a ob ta ined wi th an

the mineral spec ie s as d e f i n e d by Warshaw
and Roy (1961). H y d r o b i o t i t e herein re-

Edgar S h a r p e ES-180 magnetometer with a f e r s to a regular h e t e r o p o l y t y p i c 1-1 biotite-r e p o r t e d accuracy of S y.
The tenii "vermiculi te" w i l l be used in

vermicul i t e (see Blos s , 1966). Rock names
and t ex tura l terms f o l l o w the d e f i n i t i o n s

th i s r epor t to r e f e r to any sheet s i l i c a t e l i s t e d in J o h a n n s e n ' s volumes or in the
minera l , i n c l u d i n g vermicu l i t e and hydro-
b i o t i t e , that w i l l e x f o l i a t e upon h e a t i n g . T h e
term v e r m i c u l i t e w i l l be used to i d e n t i f y

A.G.I. Glossary of Geology and Related Sci-
ences, the l a t t e r governing where a c o n f l i c t
exi s t s . The a d j e c t i v e "alkaline" w i l l be used,

p x j Q u a r t z veins
\f^\ T r a c h y t e a n d p h o n o l i t e d i k e s
\!y\ A l k a l i n e sy en i t e d ike s
|*7] P e g m a t i t e s
[ 5 j < i B i o t i t i t e
| | B i o t i t e p y r o x e n i t e
4016 M i n e - l e v e l e l e v a t i o n

. M i n e b e r i c h {- - - S t l o m
G e o l o g y b y A . L . B o e t l c h c r

FIG. 2 . — G e o l o g i c map of par t o f the open pi t mine at the Rainy Creek c o m p l e x
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when r e f e r r i n g to rocks, in the sense pro-
posed by Shand (1922). Such alkal i-rich
rocks are characterized by Al d e f i c i e n c y (as
evidenced by the presence of minerals such
as aegirine), by Si d e f i c i e n c y (as evidenced
be f e l d s p a t h o i d s ) , or by both.

P R E V I O U S R E L A T E D WORK
E. S. Larsen and J. T, Pardee, who vis-

ited the d i s t r i c t several times between 1911
and 1927, were the pr inc ipa l early inve s t iga-

tors of the Rainy Creek complex . Goranson
( 1 9 2 7 ) r epor t ed on the mineralogy of
aegirine c o l l e c t e d by Larsen f r o m "syenite"
( f e n i t e ) near the north border of the p l u t o n .
D e s c r i p t i o n s of the general nature of the
intrusion and the p e t r o l o g y of some of
the rock t y p e s were p u b l i s h e d by Larsen
and Pardee in 1929 (Larsen and Pardee ,
1929; Pardee and Larsen, 1929). Because
natural exposures are few and large-scale
mining op era t i on s were only in the ear ly

p C b

S y = S y e n i l e s
M P y = M o g n e l i c p y r o x e n i t e
8io = B i o l i l i t e
B P y = B i o l i l e p y r o x e n i t e
p C b - P r e c a m b r i a n B e l l S e r i e s
_ — — G e o l o g i c c on ta c t
— _ ^ — . G e o m a g n e t i c c on tour s, ( v e r t i c a l i n t e n s i f y )

C o n t o u r i n t e r v a l s = 1000 gommos
S u r v e y b y . A . L . B o e t t c h e r

0 I n 1/2 3/1 I mite

FIG. 3 .—Georhagne t i c survey map of the Rainy Creek complex
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s t a g e s o f d e v e l o p m e n t , the ir i n v e s t i g a t i o n
was c o n s i d e r a b l y r e s t r i c t e d .

S u c c e e d i n g i n v e s t i g a t i o n s o f t h e c ompl ex
have empha s i z ed m i n e r a l o g y or have been
of a very general nature. G r u n e r (1934), on
the basis o f X-ray s t u d i e s , f i r s t p r o p o s e d the
name "hydrob i od t e " f or th e layer s i l i c a t e
f o u n d in abundance at Rainy Creek.
K u j a w a ( 1 9 4 2 ) r epor t ed on the genesis and
m i n e r a l o g y o f t h e "vermiculi te" d e p o s i t s .
A b r i e f d e s c r i p t i o n o f the m i n i n g o p e r a t i o n
and general g e o l o g y of the igneous c o m p l e x
and s u r r o u n d i n g country rock was prov id ed
by Perry (1948).. Basse t t ( 1 9 5 9 ) d i s cu s s ed
th e g e o l o g y o f the d e p o s i t s and p e r f o r m e d
e x p e r i m e n t a l s t u d i e s o f t h e "vennicul i te ."
Beer ( 1 9 6 0 ) and J o h n s ( 1 9 6 0 ) , in m a p p i n g
the r e g i o n a l g e o l o g y of the K o o t e n a i area of
M o n t a n a , d e s c r i b ed the rocks of the B e l t
S e r i e s s u r r o u n d i n g the Rainy Creek com-
p l e x . T h e s e s s u b m i t t e d by the wri t er
( B o e t t c h e r , 1963, 1966a) served as a basis
for t h i s paper . The r e s u l t s o f an experi-
m e n t a l i n v e s t i g a t i o n of the o r i g i n of ver-
m i c u l i t e and h y d r o b i o t i t e at Rainy Creek
have been p r e s e n t e d e l s ewhere ( B o e t t c h e r ,19666).

R E G I O N A L D I S T l t l l l U T I O N O F I G N E O U S R O C K S
The Rainy Creek p l u t o n i s the large s t

a l k a l i n e - u l t r a m a f i c igneous body in the re-
gion and is p r o b a b l y of Cre taceous age. Two
bodi e s of syen i t e ( J o h n s , 1959, p. 18; 1960,
p. 20-21) and one of s y e n i t e and p y r o x e n i t e
( J o h n s , 1959, p. 18), which also occur in
t h i s region, may be re la ted g e n e t i c a l l y to
the Rainy Creek p l u t o n , but these b od i e s
are very smal l and have not been examined
in d e t a i l . W i t h the se e x c e p t i o n s , th e Rainy
Creek c o m p l e x c on ta in s the only known
bodie s of u l t r a m a f i c or a l k a l i n e rocks in
n o r t h w e s t e r n M o n t a n a and cont iguous par t s
of C a n a d a and I d a h o . The Ice River com-
p l e x d e s c r i b ed by A l l a n (1914) is about 200
mile s north o f L i b b y . T h e famed M o n t a n a
p o t a s s i c p r o v i n c e s l ie east of the Rocky
M o u n t a i n s and are of T e r t i a r y age. Ex t end-
ing f r o m the A l a s k a - Y u k o n border to cen-
tral B r i t i s h C o l u m b i a i s a b e l t o f u l t r a m a f i c
c o m p l e x e s , but in the s e b o d i e s zoning is
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scarce, d u n i t e is common, o r t h o p y r o x e n e
g r e a t l y pr edomina t e s over c l inopyroxene ,
and a l k a l i n e rocks are unknown ( N o b l e andT a y l o r , 1960).

Numerous other small bodies of igneous
rocks, ranging in c o m p o s i t i o n f r o m acidic to
basic, in age f r om Precambrian to Lara-
m i d e ( ? ) , and in f o r m f r o m stocks to dikes
and s i l l s , are d i s t r i b u t e d t hroughou t the

. region. The larges t of these bodie s is a stock
of quartz monzoni te 20 square mi l e s in area
about 15 mile s southwest of the Rainy
Creek area ( G i b s o n , C a m p b e l l , and J e n k s ,
1938; G i b s o n , 1948). A l t h o u g h the r e l a t i o n -
s h i p between these rocks is unknown, th e i r
wide spread areal d i s t r i b u t i o n t h r o u g h o u tnorthwe s t ern M o n t a n a sugge s t s to th i s
writer that they are g e n e t i c a l l y unrelated
to the rocks of the Rainy Creek c ompl ex .

R E G I O N A L S T R U C T U R E A N D S T R A T I G R A P H Y
The igneous rocks of the Rainy Creek

d i s t r i c t have in t ruded Precambrian sedi-mentary rocks of the Belt Ser i e s (f ig. 1). At
the s u r f a c e , the in tru s i on is enclosed by
rocks of the u p p e r beds of the W a l l a c e for-
mation, which consist of about 15,000 f e e t
of he terogeneous a r g i l l i t e s and d o l o m i t i c and
calcareous a r g i l l i t e s . For d e s c r i p t i o n s of de-
t a i l e d regional l i t h o l o g y and s t r a t i g r a p h y ,
the reader is re ferred to the works of Gibson(1948), Beer ( I 9 6 0 ) , and J o h n s (1960).

The Belt S e r i e s in the v i c i n i t y of Rainy
Creek is f o l d e d in to broad nor th-nor thwe s t
t r e n d i n g sync l ine s a n d ' a n t i c l i n e s . T h e p l u -
ton lies along the axis of one of the se asym-
metr i c synclines, which appear s to p l u n g e
s ou thea s t and terminate 1 mile or less from
the p l u t o n . An a l t e r n a t e i n t e r p r e t a t i o n is
that the s t ra ta have c e n t r i p e t a l d i p s , except
near the sync l ina l axis southeast of the com-
p l e x , r e s u l t i n g from the emplacement o f the
p l u t o n , but l a t e r m o d i f i e d by regional tec-
tonism. Two high-angle f a u l t s , which p o s t -
date the f o l d i n g , have been m a p p e d near
Rainy Creek. One of them tr ends north-
northwes t and in t e r s e c t s the sou th s ide of
the c o m p l e x near Carney Creek. N e v e r t h e -
le s s , the other syenite and pyroxen i t e p l u -
tons mentioned in the previous s e c t ion do
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not appear to be spa t ia l ly related to f a u l t s
of f o l d s ; and this sugge s t s that the Rainy
Creek complex is genetically unrelated to
these structural features.

j . H : G E N E R A L GEOLOGY O f T H E
j : i | i - : I G N E O U S COMPLEXi .;
! f j ' G E N E R A L F E A T U R E S A N D S T R U C T U R E

' ' ' . : ; ' i OF THE I G N E O U S BODIES
The'. Rainy Creek complex consists main-
b f . J a i concentrically zoned, composite

riuton,i''crudely circular in plan, composed
tiaqs t iyi .o i zbnes of magnet i t e pyroxen i t e ,
j)i'ci{ite pyroxenite, and b io t i t i t e , arranged in
inwird succession. It also contains an ir-
regularly shaped syenite body, which lies
along the southwest side of the u l tramaf i c
plu ton and extends into the magnetite
pyroxenite and biotite pyroxeni te zones. A
small ou t ly ing body of nepheline syenite
lies about 500 f e e t southwest of this syenite
body. Many narrow dikes of members of
the alkaline syenite and trachyte-phonolite
clans, alkaline pegmati te s , alkaline granite,
and late-stage quartz-rich veins cut all of
the earlier rocks.

Because the elevation of F l e e t w o o d
Creek on the north side of the complex is less
than that of Carney Creek on the south, the
shape of the u l tramaf i c body is di s torted in
plan view. Contours around the p lu t on ,
however, would be nearly circular with the
b i o t i t i t e body occupying a pos i t ion near the
center of the contoured body. The central
core of b i o t i t i t e and the surrounding zone
of b iot i t e pyroxenite are expressed topo-
graphical ly as a resistant dome. Thi s dome
is bounded by deep stream channels that
coincide with the outer ring of less resistantmagnetite pyroxenite. Although most ly con-

cealed by til l and a dense overgrowth of
brush and trees, the contact between mag-
netite pyroxenite and rocks of the Belt
Serie s is generally expressed by an abrupt
increase in s l o p e and a decrease in the densi-
ty of coniferous vegetation away from the
igneous rocks. The bodies of syenite and
nephel ine syenite have no obvious topo-
graphic expression. A large open pit mine
near the center of the p lu ton exposes much
of the b io t i t e p y r o x e n i t e and b i o t i t i t e .

The zone of f ine-grained magnet i t e py-
roxenite is later than and surrounds the
inner zone of pyrox en i t e to f o rm an out-
w a r d - d i p p i n g body. T h i s body is herein
considered to be a ring dike because the
contact with the inner p y r o x e n i t e zone is
sharp and many dikes and apophyse s of
magnetite pyroxenite transect the inner
pyroxeni te . Inasmuch as the borders of the
main magnetite pyroxenite body are poor ly
exposed for most of their l eng th , the atti-
tude and, therefore, the true thickness is
d i f f i c u l t to determine. The cross sections on
p la t e 1 thus show the result s as determined
collect ively from small isolated outcrops,
f r om the re lat ionship between outcrop pat-
tern and topography, and f rom the data of
the magnetic survey (fig. 3). Toge th er , these
data cons t i tute evidence tha t , near the
sur face , the ring dike d ip s about 25 degrees
outward, but extensive d r i l l i n g or addi t ional
geophysical evidence will be required to
substantiate this. The arcuate body of
biot i t e pyroxenite in Flee twood Creek is
thus a window that has become exposed
a f t e r the stream eroded the overlying mag-
netite pyroxenite. If the outer contact of the
plu ton were pro j e c t ed upward at the atti-
tude thus sugges ted, the roof would have

PLATE 1
A, Photomicrograph of contact between biot i te pyroxeni t e and b i o t i t i t e ; s t r o n g l y resorbed b io t i t e and

op t i ca l ly continuous patches of microcline in d i o p s i d e — p l a n e l ight .B, Photomicrograph of magnetite pyroxenite (M-39); clinopyroxene, apa t i t e , and m a g n e t i t e — p l a n e l i g h t ,C, Photomicrograph of magnetite p y r o x e n i t e dike ( R C M D - 1 2 8 ) ; magne t i t e in c l i n o p y r o x e n e , b i o t i t e ,
and a p a t i t e — p l a n e light.D, Photomicrograph of f e n i t e ( R C F - 2 1 6 ) ; euhedral schorlomite (dark) and aggregate p s e u d o m o r p h s of
andradite, sphene, and magnetite a f t e r schorlomite in potash f e l d s p a r m a t r i x — p l a n e l igh t .

J O U R N A L O F G E O L O G Y , V O L U M E 7 5 B O E T T C H E R , P L A T E 1
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been le s s than 2,000 f e e t above the presents u r f a c e . C o u p l e d wi th p e t r o g r a p h i c evidenceto be pr e s en t ed in a f o l l o w i n g s e c t i o n , this
s u g g e s t s that the e xpo s ed igneous rocks rep-resent th e u p p e r par t o f th e p l u t o n . Thecontac t s p r o b a b l y become more nearly ver-t i c a l w i t h d e p t h , in accord w i t h a dome-shaped c o n f i g u r a t i o n p r o p o s e d f o r t h e outerzone.Because the m a g n e t i t e p y r o x e n i t e every-where f o r m s the ou t er boundary of the bodyo f b i o t i t e p y r o x e n i t e — e x c e p t where t h el a t t e r i s b ounded by the syeni t e b o d y — a n dbecause no o ther annular f r a c t u r e zones orscreens of c ountry rock occur w i t h i n or im-m e d i a t e l y beyond t h e p l u t o n , t h e in tru s ionof th e r ing d i k e o f m a g n e t i t e p y r o x e n i t ep r o b a b l y did not occur along f r a c t u r e screa t ed by f o r c e f u l emplac ement o f theb i o t i t e p y r o x e n i t e . Rather, t h e m a g n e t i t ep y r o x e n i t e p r o b a b l y i n t r u d e d a zone ofweakness b e tween country rock and pyrox-e n i t e core f o l l o w i n g movement o f t h e l a t t e rand c r ea t ed a r ing dike. The e f f e c t s o f such
movement may not have e x t ended to thes u r f a c e and have given rise to volcanic
a c t i v i t y , but e x p l o s i v e volcani sm has oc-
curred at many s i m i l a r a l k a l i n e centers,
p r o b a b l y th e re sul t o f t h e h igh v o l a t i l e
content of these magmas. S u c h a c t i v i t y at
Rainy Creek would have been removed by
erosion, but the t r a c h y t e and p h o n o l i t c
d i k e s i n d i c a t e at l eas t s h a l l o w , i f not ex-
tru s ive , igneous a c t i v i t y .

A l t e r n a t e i n t e r p r e t a t i o n s o f t h e o r ig in o f
the c o n f i g u r a t i o n o f the zones o f u l t r a m a f i c
rocks i n c l u d e d i f f e r e n t i a t i o n in place . How-
ever, i f c r y s t a l l i z a t i o n proceeded inward,
b e g i n n i n g w i t h m a g n e t i t e p y r o x e n i t e , i t
would be di f f i cul t to e x p l a i n the d ik e s and
a p o p h y s e s o f m a g n e t i t e p y r o x e n i t e that

transect the b i o t i t e pyroxeni te . In a d d i t i o n ,the pyroxenes in the m a g n e t i t e pyrox en i t e
are more Fe-rich than those in the b i o t i t ep y r o x e n i t e , which s u g g e s t s that they crys-
t a l l i z e d la t er . I f c r y s t a l l i z a t i o n proceededoutward, it is u n l i k e l y that such a larger e d u c t i o n in grain size would accompanythe t r a n s i t i o n from b i o t i t e p y r o x e n i t e tom a g n e t i t e p y r o x e n i t e .

A G E O F T H E I G N E O U S R O C K S
F i e l d r e l a t i o n s h i p s i n d i c a t e only that I h cigneous rocks cut s t ra ta of the W a l l a c e f o r -mation and are covered by P l e i s t o c e n e till.Radiogen i c d a t i n g by the Sr-Rb method onf r e s h b i o t i t e ( s a m p l e R C B - 1 2 ) f r o m t h e

b i o t i t i t e core y i e l d e d an age of 94 m.y.(S. • S. G o l d i c h , personal communication,1965). Inasmuch as the s a m p l e c on s i s t ede n t i r e l y o f b i o t i t e , internal r e a d j u s t m e n t o fSr and Rb shou ld have been s l i g h t , and t h i sd e t e r m i n a t i o n , t h e r e f o r e , has the a d v a n t a g eof a whole-rock analysis.
The age of the complex was p r e v i o u s l yi n f e r r e d to be Laramide (Perry, 1948; Beer,1960; J o h n s , 1960) as have most igneous

rocks of unknown age in western Montana .
A c c o r d i n g to the revised time scale of
H o l m e s ( 1 9 6 0 ) , an age of 94 m.y. would be
lower U p p e r Cretaceous. H o w e v e r , Lara-
mide age is d e f i n e d by E a r d l e y ( 1 9 6 2 , p.
295) as M o n t a n a time ( u p p e r U p p e r Cre-
taceous) t h r o u g h Eocene t ime , and by
Gilluly (1963, p. 150) as b e g i n n i n g in
M o n t a n a d u r i n g T u r o n i a n time ( m i d d l e
U p p e r Cre ta c e ou s) . The Rainy Creek com-
p l e x thus a p p e a r s to be pr e -Laramide in
age, in accord w i t h the observat ion that
a l k a l i n e magmati sm is i n d i g e n o u s to ep c i ro-
genic c o n t i n e n t a l environment s ( B a i l e y ,1964).

PLATE 2
A, A p a t i t e - r i c h p y r o x e n i t e mass (cen t er , V - s h a p e d ) c u t t i n g l i g h t e r colored b i o t i t e p y r o x e n i t e — w h i t e ,

d i s s e m i n a t e d s p o t s ar e a p a t i t e .B, Dikes o f m a g n e t i t e p y r o x e n i t e and syen i t e c u t t i n g coarse-grained b i o t i t e p y r o x e n i t e . The head of the
rock p i c k re s t s on b i o t i t e p y r o x e n i t e ; the h a n d l e rests on m a g n e t i t e p y r o x e n i t e . N o t e d a r k , v e r t i c a l m a g n e t i t e
s e g r e g a t i o n s near center between s y e n i t e d i k e s .
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j : ' i j l i i ! : 1 . ! ! ? ' ) ; . T J L T R A M A F I C R O C K S
: i ' ^ ' : i B l b ' T I T E : i > Y R O X E N I T EI ' ' I ' : : ' : •Observed in p l a n , 18 per cent of the

Rairiy Creek complex is b io t i t e pyroxenite.
It f o rms a circular body almost c o m p l e t e l y
enclosed by m a g n e t i t e pyroxeni t e . The ab-
sence of cross-cutt ing r e l a t i o n s h i p s between
the pyroxenite and b io t i t e core sugges t s
that they are contemporaneous, but all of
the other igneous rocks in the c o m p l e x ,
except for those in the o u t l y i n g body of
nepheline syenite, transect these two bodies .
T h e r e f o r e , the inner body of pyrox en i t e and
the b i o t i t i t e body appear to be the o ld e s t
exposed intrus ive rocks wi th in the d i s t r i c t .
As thi s pyroxeni t e contains all of the eco-
nomic "vermiculite" d e p o s i t s , it is we l l
exposed by the mining operat ions .

C l i n o p y r o x e n e and "vermiculite" consti-
tu t e nearly all of this rock, but the two are
present in all p r o p o r t i o n s , and a p a t i t e is a
common accessory. Unal t er ed b i o t i t e is ir-
regularly d i s t r i b u t e d in small areas within
the pyroxeni t e . A l t h o u g h a wide range in
the propor t i on s of "vermiculite" and py-
roxene occur f rom place to p la c e , mining
records ind i ca t e an average "vermiculite"
content of about 30 weight per cent. In grain
size, this pyroxenite ranges from less than
1 cm. to about 1 m., but most of the grains
are 4 cm. or more in maximum dimension.
A l t h o u g h no regular zoning, either l a t e r a l l y
or vertically, has been noted, the largest
crys ta l s of pyroxene occur a d j a c e n t to the
b i o t i t i t e core. Contrary to the statement of
Bassett (1959, p. 285), most of the pyroxeneand "vermiculite" show no obvious pre-
f erred orientation.

On the basis of experimental work and
chemical analyses, the writer (Boettcher,

: J 9 6 6 * ) concludes that both the vermiculite
:and hydrob io t i t e , which cons t i tu t e the

i " v e r m i c u h ' t e " in this pyroxeni t e , have
j formed from b i o t i t e , the f ormer being a
j weathering produc t , the l a t t e r a produc t

[of hydrothermal a l t erat ion. No reaction re-
ilationsb.ip has been observed between the
!|bi(i'ti||!.aijd pyroxene, and they appear to be
iileuiectic pair. As noted in the f o l l o w i n g

section, however, b i o t i t e shows pronounced
re sorp t i on near the contact with the b i o t i t i t e
core.Some of the "vermiculite" and b i o t i t e
are concentrated in tabular to i r r e g u l a r l y
shaped pyroxene-bear ing bod i e s that tran-
sect the normal pyroxeni t e . No evidence of
r ep la c ement o f th e s u rround ing p y r o x e n i t e
was noted, and these bodies are considered
to re sul t f r om l a t e surges of v o l a t i l e - r i c h
magma. In many of these bod i e s , the
"vermiculite" or b i o t i t e shows a s t rong pre-
f erred orientation with the basal f a c e s
p a r a l l e l to the w a l l s .

The a p a t i t e occurs as pale-green pr i sms
averaging 1-2 cm. long, but it a t t a i n s
l engths of 10 cm. in some of the coarser-
grained variet ie s . A p a t i t e i s the ear l i e s t
mineral to c r y s t a l l i z e throughout th i s py-
roxenite body and is p o i k i l i t i c a l l y enc lo s ed
in the pyroxene grains and in the books of
b i o t i t e and "vermiculite." The a p a t i t e i s
i r r e g u l a r l y d i s t r i b u t e d , but i t occurs m o s t l y
with "vermiculite" and is a very minor
c on s t i t u en t of the "vermiculite"-barren
pyrox en i t e . The association o f a p a t i t e and
"vermiculite" or b i o t i t e has been r e p o r t e d
in other bodies o f b i o t i t e p y r o x e n i t e , f or
example , th e L o b l e k o p , Transvaa l c o m p l e x
(Gevers , 1948, p. 148) and the S h a w a ,
Rhodes ia complex ( J o h n s o n , 1961, p. 131).
At Rainy Creek, a p a t i t e l o c a l l y f o rms as
much as 20 per cent of the p y r o x e n i t e , but
the average value is e s t imated as 2 per cent.
H i g h concentrations of a p a t i t e occur in
many of the l a t e "vermiculite"-rich bod i e s
(pi. 2,A).

Mineral s other than pyroxene, "vermicu-
li te ," b i o t i t e , and a p a t i t e are scarce in t h i s
p y r o x e n i t e , bu t i n c i p i e n t t r e m o l i t i z a t i o n o f
the pyroxene is w ide spread throughout th i s
rock and appears to be deuteric and earlier
than t r e m o l i t i z a t i o n that is r e la t ed to the
emplacement of the l a t e r dikes and veins.
Minor amounts of sphene have been ob-
served in some sample s , and a few micro-
scopic grains of carbonate and zircon were
de t e c t ed in the panned concentrate of a 2-lb.
sampl e of the pyroxene. F e l d s p a r i s pre s en t
in some of the apa t i t e -r i ch rock and occurs
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as c ry s ta l s as much as 3 cm. in diameter ,
which p o i k i l i t i c a l l y enclose euhedral crys-
t a l s o f the pyroxene. M o s t o f the f e l d s p a r i s
p l a g i o c l a s e w i t h a c o m p o s i t i o n o f A b 9 5 de-
termined by the method of S c h a i r e r , S m i t h ,
and Chaye s ( 1 9 5 6 ) , but some microcl ine is
al so pre s ent . An analogous occurrence is
r epor t ed at L o o l e k o p (Gevers , 1948, p. 147)
where i solated f e l d s p a r crys tal s occur wi th in

the unaltered b i o t i t e in this pyroxen i t e Ethe same as those for the b i o t i t e in t
b i o t i t i t e (see t a b l e 4). The a p a t i t e i s f lw
a p a t i t e as i n d i c a t e d by na — 1.642 and ne1.639 (Deer, H o w i e , and Zussman, 1962,
331). The pyroxene is mos t ly emerald-gre
chrome d i o p s i d e . A chemical analysis a:
the o p t i c a l p r o p e r t i e s of a r e p r e s e n t a t i
specimen co l l e c t ed about 110 f e e t due er

TABLE 1
C H E M I C A L A N A L Y S I S , * N O R M , A N D MODE O FB I O T I T E P Y R O X E N I T E (RCPir-64)

A n a l y s i s

S i O . . . . . . . . . .A W ) , . . . . . . . .TiO-». .......C r . 0 , § . . . . . . .F e - . 0 j . . . .....F e O . . . . . . . . .N i O . . . . . . . . .C u O § . . . . . . .Z n O § . . . . . . . .M n O . . . . . . . .M g O . . . . . . . .C a O . . . . . . . . .S r O § . . . . . . . .B a O § . . . . . . . .Na2O .......K , 0 . . . . . . . . .H-0+. ......H . O - . . . . . . .f,0, .........
T o t a l . . . . . .

44.876.350.880.034.962.790.00O . l t0.050.0917.2613.610.040.170.353.262.551.511.05
99.93

C . I . P . W . N o r m f

neI coran
u p

mthmf odi
d i f rD . I . I IC . I . #

1.656.8511.346.402.591.757.020.1516.7145.12
20.9224.2019.8451.52

M o d e ( W e i g h t P e r C e n t } ?

A p a t i t eD i o p s i d e" V e r m i c u l i t e "
2.560.037.5

* A n a l y s t : C. O. I c i g a i n e l l s .
t N o r m was c a l c u l a t e d a f t e r s u b t r a c t i n g H i O - { - and HiO — and r e c a l c u l a t i n g to tal to 99.93.
t Obtained by w e i g h i n g c o n s t i t u e n t minera l s .
§ S p e c l r o i n c t r i c a n a l y s e s by N. H. S u h r .
|| D i f f e r e n t i a t i o n i n d e x .
I C r y s t a l l i z a t i o n i n d e x .

"marked c o n c e n t r a t i o n s of a p a t i t e and
v e r m i c u l i t e " in the p y r o x e n i t e . W i t h i n the
open pit mine, about 600 f e e t s ou thea s t of
the east end of the b i o t i t e b ody , is a small
area in which the p y r o x e n i t e contains
a b u n d a n t c a l c i t e and d o l o m i t e in a d d i t i o n
t o f e l d s p a r .

A chemical analys i s , norm, and mode of
a s a m p l e cons idered to be r e p r e s e n t a t i v e of
most o f th e a l t e r e d b i o t i t e p } ' r o x e n i t e ar e
l i s t e d in t a b l e 1. The o p t i c a l p r o p e r t i e s of

of the b i o t i t i t e body appear in t a b l e 2. T
ratios of ions were ca l cu la t ed a c c o rd ing
the proc edure of Hes s (1949).

T h e c ompos i t i on o f t h e pyroxenes d i f f c
s l i g h t l y from p la c e to p lace wi th in t
b i o t i t e p y r o x e n i t e , and these changes a
r e f l e c t e d in the c o l o r — d a r k e r green inc
eating more Fe than is contained in t
typi ca l emerald-green mat er ia l . The d
t erminative curves of H e s s (1949) ai
Muir ( 1 9 5 1 ) were m o d i f i e d to f i t the c h e j



534
ical analyses . and par t ia l analyses of the
pyroxenes ' f r o i i i both pyroxeni te bodie s o f
the Rainy C f e e k p l u t o n l i s t ed in tab le s 2, 8,
and 9 . : T h e s e ' m o d i f i c a t i o n s were necessary

• because i t h ' e F e ' H ~ l ' : F e H " + ratio i s unu sua l ly
. j h i g h . i r i 'Sthe s e ' 'pyroxene s , and they conf i rm
j l f h e f i r i l i i r l g s i t o f S e g n i t (1953)' that each 1 .0j ! i , ^ _ ' i > i k l i i ! i - i C f r fe^o., i n r r f i a s e s ' . t h e . r e f rac t iv e

A. L. B O E T T C H E R
atomic ratio of Fe were those w i t h accessory
magne t i t e , but these do not inc lude the
magneti te-rich dike s which are considered
in a f o l l o w i n g s e c t i on on the m a g n e t i t e
pyroxen i t e .

B I O T I T I T E
[ H X l^lyOv?^ U l t t L vxn,ll J . . Vp:er 'ce t i t i-bfrJb'ejUs increases; the r e f ra c t iv e The b i o t i t i t e core i s wel l exposed in the

indiGe^l i iby^aboi i t 0.003. W i t h the revised o p e n p i t m i n e . In p l a n view i t i s a n i r r e g u l a r -
« i i ! i i i i l i i l l l i l f c : i ; ! ;

! :. ! T A B L E 2. : ; i h ' i l. j C H E M I C A L A N A L Y S I S * A N D O P T I C P R O P E R T I E S
: ; i f i f i j . ; i J i - . - ' i ' i j O F C L I N O P Y R O X E N E (P-100) F R O M
i - . ' u l l M i i i d i f i i • ! : B I O T I T E P Y R O X E N I T E

:l!-ili|!i^pli!' \ * i l ! f i l ' l T - n l ) . ;i. iflpi s | fa^iyfeJ«!i! i! i : A... .J j j p l f l i p r

r t i l O j f K i l i f c . . .f l f j t S ' l !
GlsteS;:,. .......F e j O , . .........F e O i . . . . . . . . . . .MhO.. .........M g t i . . . . .......CaO... .........N a j O . ' . . ........K,0. ...........S r O t . . ' . . . . . . . .B a O f . .........H.O-. .........

T o t a l . . . . . ....

»«= 1.678 + 0.nf= 1.684 + 0.m= 1.702 + 0.(Vfi (calculated =IV-, ( m e a s u r e d ) =7/\C— 41°

53.940.76
0.260.201.131.910.0716.9324.550.17<0.010.04<0.010.03 . .

100.00

M l . . . . . . . . . . .301. .........)01 ..........= 56 .3 °) ......- <f-,°

C a t i o n s on the Basis
of 6 Oxygens

S iA l l v

A1V I

CrFe+"Fe^'MnM gCaN aKTiS rBa
0

1.969]0.031.
0.0020.0060.0310.0580.0020.9200.9S90.012
0. 007

6.000

2.00

2.00

6.00

P e r f e c t (100) p a r t i n gHand spec imen is emerald greenN o n - p l e o c h r o i c

* A n a l y s t : C. O. I n g a r a e l l s .
} S p e c t r o m e t r i c analyses by N. H. S u l i r .

curves, the compositions of thirty-six py-
roxenes, .from j ' t h e b io t i t e pyroxenite s a n dmagnet i t e r pyroxehite s were determined
f r om t h e i r ' ; optical proper t i e s . Determina-
tions of ! the atomic ratio of Fe (i.e., the
ratio Fe^jH^Fe^Fe-"-*- + Fe++ -f Mg)
range f rom ,0.08 to 0.12 in the normal rock
and f rom 0!ii' (b 0.18 in the later bodie s of
apatite-rich pyroxenite. In these later bod-
ies, the pyroxenes with the highest values of

ly shaped body with a n o r t h e a s t - t r e n d i n g
long axis of about 1,450 f e e t and a maximumwidth of about 830 f e e t . Prior to mining, it
c ropped out near the h ighe s t po int in the
p l u t o n at an e l eva t i on of 4,240 f e e t , It is
now exposed in the lowest mine l ev e l s at an
elevation of 3,855 f e e t . The b i o t i t i t e con-
sis t s almost en t i r e ly of coarse-grained bio-
t i t e . T h i s mica occurs in anhedra l , rarely
euhedral , books ranging f rom less than 1
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cm. to about 1 m. in d iame t er , a l t h o u g h '
most of it occurs in books 10 cm. or more in
d iame t er . The books show no obvious pre-
f e r r e d o r i e n t a t i o n .

Chemical analys e s o f two b i o t i t e s ampl e s
are shown in t a b l e 3. S a m p l e s R C S p - 5 5 and
RCB-12 were c o l l e c t e d f r o m the center
and f r o m near the wes t ern border of the

more abundant near the center than near
the contact wi th the p y r o x e n i t e . Both inter-
media t e microc l ine (Ors4 [Ab + An] 6) and
a l b i t e ( A b g j ) a r e p r e s e n t ; t h e l a t t e r a p p e a r s
to resul t f r o m a l b i t i z a t i o n of the former.
The a lb i t e compos i t ion was de t ermined by
the method of Scha i r e r el al. ( 1 9 5 6 ) and the
p o t a s h f e l d s p a r by X-ray m e t h o d s u s ing

T A B L E 3
C H E M I C A L A N A L Y S E S * A N D N O R M S O F B I O T I T E S F R O M B I O T I T I T E

S i O . . . . . . . . . . . . . . .A l , 0 3 . ............T i O s . ............C r 3 0 , J . . . . . . . . . . . .
I - C i O j . . . . . . . . . . . . .F c O . . . . . . . . . . . . ..N i O . . . . ..........M n O . . . . . . .......M g O . . . . . . . . . . . . .C a O . . . . . . . . . . . . . .SrO}. . . . . . . . . . . . .l i a O J . . . . . . . . . . . . .N a j O . . . . . . . . . . . . .K 2 0 . . . . . . . .......K l ) , 0 . . . . .........H a O + . . . . . . . . . . . .I1.0- . . . . . . . . . . . .I ' S 0 S . . . . . . . . . . . . . .! • ' . ...............

0 = F ...........
T o t a l . . . . .......

R C S p - 5 5

39.1013.301.210.252.567.230.020.102 1 . 5 50.12< 0.0050.350.2310.050.033.740.060.000.35
99.98-0.18
99.80

38.6313.081.550.232.508.750.020.1419.940.180.0050.450.2610.000.043.520.300.060.30
99.95-0.12
99.83

C . I . P . W . N o R M S t

!?necanilmtf of a
».!.§C.I.||

R C S p - S S
15.0528.161.111.630.652.413.9039.527.5944.3140.17

R C B - 1 2
14.7128.471.251.580.953.103.8136.639.5244.4337.58

* A n a l y s t : C. O. I n n a m c l l s .
f N o r m w a s c a l c u l a t e d a f t e r s u b t r a c t i n g I T j O - [ - , H i O — , a n d F a n t ! r e c a l c u l a t m g analyse s t o o r i g i n a l t o t a l s .
t S [ > e c t r o i n c t r i c a n a l y s e s b y N . H . S u l i r .
§ D i f f e r e n t i a t i o n i n d e x .
I I C r y s t a l l i z a t i o n i n d e x .

b i o t i t i t e body, r e s p e c t i v e l y . A s t h e b i o t i t i t e
consi s t s a lmos t e n t i r e l y of b i o t i t e , tab l e 3
also shows the r e s u l t s of the analyses recast
i n t o nonns. O p t i c p r o p e r t i e s and atomic
ratios f o r t i i e analyzed b i o t i t e s a p p e a r in
t a b l e 4.

F e l d s p a r , a common but s p o r a d i c ac-
cessory in the b i o t i t i t e , occurs as wedges
up to about 8 cm. l o n g between the mica
books. T h e t o t a l f e l d s p a r content o f t h e
rock is e s t i m a t e d to be 2 per c en t , but it is

the curves of Luth ( u n p u b l i s h e d d a t a , 1965).
Some of the a l b i t e appear s to r ep lac e b i o t i t e ,
and it commonly contains a smal l amount
of c a l c i t e .

P y r i t e is a common accessory, but it is
present in amounts less than 1 per cent. It
occurs as f r e s h anhedral grains in the b i o t i t e
and f e l d s p a r s , being much more abundant
near the center of the b i o t i t i t e body. C a l c i l e
and r i e b e c k i t e ( P ) are present in minor
amounts in some s a m p l e s , but the s e miner-



A. L. B O E T T C H E R•. . S a l s ' ' a p p e a r t o b e secondary a l t e r a t i o n p r o d -
| I j \ i c t s of ;the b io t i t e . A p a t i t e is almost ent ire ly
ipb s en t . S m a l l a l k a l i n e p e g m a t i t e s , which

mos t ly of a eg ir ine-aug i t e and a l k a l i
j l f e l d s p a r s and appear to have c r y s t a l l i z e d in
;,si£u, occur throughout the b i o t i t i t e .
l i j i j - i T h e contact between b i o t i t i t e a n d b i o t i t e
p ' y r o x e n i t e , for most of i t s l e n g t h , i s grada-
tional over about 1-10 f e e t . Outward f r o m
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+0.003.........=»->-+0.001 .....
' . t - . ;.......-.

I V

+++
-H-

£?.:::::::::::
S J - I l i l "d i i i l i i ; - '

R C S p - 5 5
1.5681.6090.04112°X<Y=Z\

2.861.130.070.010.140.440.012.350.010.040.930.011.820.0810.09

R C B - 1 2
1.5691.6090.04011 °Same asRCSp-55

2.861.140.090.010.140.540.012.200.010.040.940.011.740.0710.08
i f Ca l cu la t ed f r o m analyzed HiO+ using method of F o s t e r ,i n e s i ^ n i l E u g s t e r (1963).

t/f If Optic angles were measured using the procedure of Bloss|l$65):a:nd are recorded as minimum values.! * * ' = i : i i g h t ; b r o w n ; Y = Z — greenish-brown.

f u i m n l t h e contact zone, d i o p s i d e contentj J j B j - ; : i ! : . I f . . .[increases, b i o t i t e grades into "vermiculite,"
tSbji f e l d s p a r , where pre s ent , diminishes to
zerd; W i t h i n thi s contact zone, b i o t i t e is

' [ I ' ' -embayed by d i o p s i d e , and the f e l d s p a r
IJfjjecurs as resorbed pa t che s in op t i ca l conti-

i i i . iuity, even across boundaries o f d i o p s i d e
' ' ' g r a i n s (see p i . 1,A).

X E N O L I T H S
; j n ' t N o d u l a r inclusions, which p r o b a b l y were
ii price u l t ramaf i c rock and are now thorough-

', \ |i ly. a l t ered , are scattered throughout the

b i o t i t i t e core. None was encountered in
the p y r o x e n i t e surrounding the b i o t i t i t e .
The nodule s , about f o r t y in a l l , are wel l
rounded and range in diameter f r om 5 to
35 cm. The contact between each of them
and the enclos ing rock is sharp and ea s i ly
recognizable in the f i e l d . The nodu l e s per-
s i s t e n t l y show three w e l l - d e v e l o p e d zones:
(1) a core c o n s i s t i n g of ta l c , d o l o m i t e , p y r i t e ,
t r e m o l i t e , p h l o g o p i t e , a p a t i t e , magne s i t e ,
and small amounts of quartz, l i s t e d in de-
creasing order of abundance; (2) an inter-
med ia t e ring of t r emo l i t e and s u b o r d i n a t e
ta l c , p y r i t e , and carbonates; and (3) an
outer rim composed mos t ly of p h l o g o p i t e
and i n t e r s t i t i a l d o l o m i t e , ta l c , and p y r i t e .
P y r i t e c o n s t i t u t e s about 5 per cent of the
core and occurs as f r e s h , b r i l l i a n t cubes and
oc tahedra about 0.6 mm. in d iameter . The
d o l o m i t e of the core is euhedral to anhedral
and is much more abundant than the mag-
nesi te.

The p h l o g o p i t e is very s t r i k i n g and occurs
as e l onga t e b l a d e s arranged r a d i a l l y around
the nodul e and normal to the sharp contact
wi th t h e surrounding b i o t i t i t e . T h i s p h l o g o -
p i t e i s p e c u l i a r for i t s acicular habit and
also f or i t s unusual op t i c s . The p l e o chro i sm
is reversed f r o m normal p h l o g o p i t e or bio-
t i t e , being X > Y = Z, X = orange brown,Y — Z = l i g h t o l ive-green to co lorle s s . The
other o p t i c p r o p e r t i e s are. normal w i t h
2 V , = 1 1 ° , N . = 1.556, a n d N / J = N T =1.604. The p h l o g o p i t e in the core a l so has
reversed p l e o chro i sm, but unlike that in the
rim, occurs as s t r o n g l y embayed, o p t i c a l l y
continuous patche s . Some o f the p h l o g o p i t e
in the rim and core shows zoning with a
center with normal o p t i c s and an irr egu lar
border with reversed pleochroi sm. An at-
tempt to separate the p h l o g o p i t e of the
outer rim f r o m the associated t a l c for chemi-
cal analyses proved u n s u c c e s s f u l , but a
s p e c t r o g r a p h i c analysis of the impure ma-
terial showed no unusual c o n s t i t u e n t s or
concentrat ions of m a j o r or minor elements.

In the s tudy of the phase equ i l i b r ia of
"ferriannite ," Wones (1963, p. 583) reported
ab s orp t i on colors for the s y n t h e t i c micas
s imilar to those determined for the p h l o g o -
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p i t e in the nodu l e s . T h i s l ed the present
wri t er to su spec t that the reversed p l eochro-
ism r e s u l t s f r o m a h i g h . F e + + + content in the
f o u r f o l d p o s i t i o n s o f mica, and rec ent ly
several authors have shared thi s b e l i e f .
H o g a r t h (1964, and personal communica-
t i o n ) , in a very d e t a i l e d s t u d y of the o p t i c s
of micas w i t h reversed p l e o c h r o i s m , r e l a t e d
t h i s p r o p e r t y to a h i g h content of tetra-
hedra l Fe~H~h. Rimskaya-Korsakova and
S o k o l o v a (1964) c onc luded that reversep l e o c h r o i s m r e s u l t s f r o m Al d e f i c i e n c y , bu t
chemical analyses of the ir s a m p l e s also
reveal h i g h F e z O s c on t en t s .

A b s o r p t i o n of l i g h t in micas is b e l i eved
to r e s u l t f r o m e l e c t r o n t r a n s f e r and to be a
f u n c t i o n of the nearness of n e i g h b o r i n g Fe"1"4"
and Fe"1""1""1" ions. A b s o r p t i o n would thus be
g r e a t e s t when the e l e c t r i c vector is p a r a l l e l
to the d i r e c t i o n of the greates t d en s i ty ofpe+-H- a n cj pe-t-h j o n s ( H o g a r t h , personal
communica t i on). When Fe4"1"1" s u b s t i t u t e s
f o r S i i n t h e t e t r a h e d r a l s i t e s , t h e p o p u l a t i o n
d e n s i t y of Fe would be greater in the direc-
t i on normal to (001) than p a r a l l e l to (001)
as in normal b i o t i t e s where Fe is mo s t ly in
o c t a h e d r a l p o s i t i o n s . T h e a b s o r p t i o n would
t h e n become X > Y = Z. Evidence in sup-
port of t h i s i n t e r p r e t a t i o n can be seen in the
p h l o g o p i t e which shows a core wi th normal
o p t i c s . T h i s zoning is v i s i b l e only when the
c l eavage traces are normal to the vibration
d i r e c t i o n of the lower nicol. W h e n the elec-
t r i c vector is p a r a l l e l to (001), the absorp-
t i on of bo th zones i s equal , s u g g e s t i n g tha t
bo th have s i m i l a r c o m p o s i t i o n s in the octa-
h e d r a l layers. A l s o , in this p o s i t i o n the
Fe"1"1"* ions in t e trahedral sites could not
absorb l i g h t (exchange e l e c t r o n s ) because
Fe"1"1" is absent in these p o s i t i o n s .

T h e s e micas, a l t h o u g h unusua l , may be
much more abundant than is r e a l i z e d , and
have been noted by several previous work-
ers. T h e i r occurrence a p p e a r s to be almost
e n t i r e l y r e s t r i c t e d to c a r b o n a t i t e s and u l t ra-
basic rocks, a l t h o u g h Rimskaya-Korsakova
and S o k o l o v a ( 1 9 6 4 ) r epor t some specimens
f r o m iron f o r m a t i o n s . Grains of normal
p h l o g o p i t e w i th rims showing reversed p l eo-
chroism have been reported by W a g n e r

(1914, p. 108) and W a t s o n (1955, p. 5t
in s t u d i e s of k imber l i t e s . S i n g e w a l d a:
M i l t o n (1930) describe s erpent ine pher
crysts in an a l n o i t e p i p e which are r ep la c
by a continuous border of p h l o g o p i t e wi
reversed pleochroi sm. At A l n o , von Eck<
mann (1948, p. 155) r epor t s b i o t i t e wi
s imi lar abnormal ab s orp t i on only in dee
seated a lno i t e s and k imber l i t e s , and '.
a t t r i b u t e s thi s p r o p e r t y t o t h e e f f e c t
high pressure. Of spec ial intere s t is a b i o t i
described by Anwar (1956) which occurs
x e n o l i t h s in trachyte . f lows . T h i s mica h
the same p l e o c h r o i c f o r m u l a as that in tl
x e n o l i t h s at Rainy Creek and occurs
"thin e l o n g a t e d shreds." A chemical anal
sis ind i ca t ed 14.12 per cent F e 2 0 3 and 2.,'per cent FeO.

As noted by Bowen (1928, p. 197) in
di s cu s s ion of the e f f e c t s o f magma s a t u r a t e
wi th b i o t i t e on igneous inc lu s ions , the me
cannot di s so lve minerals h igher in the rea>
tion series, but it "can and w i l l react wil
these minerals and convert them to b i o t i t e .
The present writer s ugge s t s that the unusu:
p h l o g o p i t e re sul t s when a l u m i n a - c l e f i c i e r
f e rromagne s ian n o d u l e s are brought int
contact with the b i o t i t e - sa tura t ed me l t i
a mil i eu of high pn2o and f o 2 - Most of th
Fe would be o x id i z ed and enter the p h l o g c
p i t e s t ru c tur e; the remaining Mg woul
f orm talc , t r e m o l i t e , d o l o m i t e , and ma<;
nesite. The p h l o g o p i t e wi th normal core
and reversed borders may represent th
p a r t i a l a d j u s t m e n t of earl ier mica to thi
environment. The normal b i o t i t e in th
surrounding b i o t i t i t e had s u f f i c i e n t Al pres
ent so that Fe"1""1""1" was r e s t r i c t ed to t.hoc tahedra l p o s i t i o n s .

S u p p o r t f o r th e u l t raba s i c p a r e n t a g e o
the nodu l e s are s e r p e n t i n e n o d u l e s , de
scribed by Pabst (1942) f rom a rock con
s i s t i n g o f p l a g i o c l a s e , hornb l ende , b i o t i t e
quartz , and m a g n e t i t e which he considerec
to be igneous. Some of these nodul e s hav<
al t e r ed to t a l c cores surrounded by t r e m o l i t (
and wi th an outer crust of v e r m i c u l i t e 01
c h l o r i t e , which p r o b a b l y i s weathered p h l o g -
o p i t e .

Peter Deines, at P e n n s y l v a n i a S t a t e Uni-
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fCiddi jr measured the i s o t op i c com-

DI :carbon and oxygen in d o l o m i t e
" ie nodu l e s f r om the b i o t i t i t e .

f e s u l t s are 5C 1 3 = -10.2443 and
>5i.3 T h e s e values f a l l near

the range for carbonates from carbonat i t e s
i (80^-1= -14 to -24 and 8C13 = 0 to -9)
i reported by G o l d (1965, p. 23) and wi th in

the range of carbon from magmatic rocks
and carbonati te s r epor t ed by Kukharenko
and Dontsova (1964, p. 40). The 5C 1 3 values,
in a d d i t i o n , are s i g n i f i c a n t l y lower than the

d o t i t e ) which were t r a n s p o r t e d to the pres-
ent p o s i t i o n by ri s ing magma.

M A G N E T I T E P Y R O X E N I T E
T h e m a g n e t i t e pyrox en i t e f i t s we l l t h e

d e f i n i t i o n of " jacup irangi t e" as d e f i n e d by
W a s h i n g t o n ( 1 9 0 1 ) and Johannsen (1938),
but this term is not used herein because in
modern usage the term commonly connotes
the presence o f f e l d s p a t h o i d s . T h i s rock
comprises about 42 per cent of the area
u n d e r l a i n by the igneous c ompl e x . Some of
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S a m p l e

M-82. ...........
M - 1 0 6 . . . . . . . . . . .M - 1 0 5 . . . . . . . . . . .M-37. ...........M-39. ...........M P - 7 9 . . . . . . . . . . .M-35. ...........M - 4 7 . . . . . . . . . . . .M-29. ...........M-38. ...........M-109. ..........M-86. ...........M - 1 1 3 . . . . . . . . . . .M-108. ..........R C M D - 5 . .......R C M D - 1 0 3 . . ....

Pyr

64.371.566.668.864.066.969.965.369.366.364.767.465.236.858.461.0

M t

29.521.518.625.628.925.110.625.122.828.829.026.825.29.08.74.2

A p

6.26.74.95.07.17.67.29.04.54.86.45.89.72.11.42.0

And

10.0

2.8

3.0

S p h

0.7
0.60.1

2.30.1

Dio

0.3
0.6
0.411.60.7

12.531.428.8

P I

1.4

Or

35.9

L o c a t i o n
C o o r d i n a t e s

N6848N8508N 1 3 7 2 8N7067N 1 1 3 5 2N7628N10032N 1 2 1 4 4N6458N7787N10693N11406N 1 2 0 1 9N14982N7920N 7 9 1 0

E15048E8712El 7424E15444El 2804E15312E8179E10037E14916E15840E14652E13451E13083E8316E13728E13714
•Pyr = pyroxene , Mt = m a g n e t i t e , Ap - a p a t i t e , And = a n d r a d i t e , Sph = sphcne , Bio = b i o t i t e or "vermiculilc," PI -p l a g i o c l a s e , and Or = or tho c la s c . L o c a t i o n coordinate s arc in f e e t north and east of the i n t e r s e c t i o n of H i g h w a y 37 and Rainy Creekroad. The la s t two sampl e s are f r o m m a g n e t i t e p y r o x e n i t e dikes that transect the b i o t i t e pyroxeni t e .

range of approximately 0 to —5 in hydro-
thermal d o l o m i t e s presented by Engel,
C l a y t o n , and Ep s t e in (1958) and Lovering,
M c C a r t h y , and F r i e d m a n (1963).

The i s o top i c c ompos i t i on of the d o l o m i t e ,
together with the f a c t that the unusual
p h l o g o p i t e and the paragenesis of the nod-
ules in the b i o t i t e core resemble the ph logo-
pi t e and paragenesi s of other nodule s that
iciearly were once of ultrabasic compos i t i on,
sugges t s that th e .nodu l e s are x eno l i th s of

.eficient ferromagnesian rock (e.g., peri-
j j £ P . e r mil with respect to the Chicago s tandard' " U l - i .

/ / / : l i I I

this rock is fractured and f r i a b l e , but enough
of it is s u f f i c i e n t l y sound and unwea lher ed
to yield sample s for chemical and modal
analyses. The e s s ent ial m i n e r a l s are c l ino-
pyroxene, magne t i t e , and a p a t i t e , but an-
d r a d i t e , sphene, and b i o t i t e or "vermiculite"
are common accessories. As shown in the
modes in table 5, the accessories are present
in various combinations and are missing in
some specimens.

Much of the m a g n e t i t e p y r o x e n i t e shows
pronounced a l ignment of the pyroxene and
apa t i t e crystals . The l ong axes o f these
crys ta l s are oriented so as to dip f r o m the
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center of the p l u t o n at angl e s that range '
f r o m near hor i zon ta l to near vertical. The
grain size of thi s rock is qui t e u n i f o r m ,
ranging f r o m about 0.7 to 3 mm. However ,
w i t h i n about 20-50 f e e t f r o m the contact
w i th the b i o t i t e p y r o x e n i t e body, the mag-
n e t i t e p y r o x e n i t e i s coarser grained, attain-
ing an average size up to about 2 cm. As
the rock w i t h i n thi s contact zone is other-
wise s imi lar to the a d j a c e n t magne t i t e
p y r o x e n i t e , it is s u g g e s t e d that th i s zone is
a coarse-grained f a c i e s of that rock. T h i s
f a c i e s po s s i b ly resulted from emplacement
o f t h e m a g n e t i t e p y r o x e n i t e wh i l e th e b i o t i t e
p y r o x e n i t e was s t i l l hot and p o s s i b l y evolv-
ing v o l a t i l e s , a l l o w i n g slower c o o l i n g at the
inner boundary. F u r t h e r m o r e , the i n c i p i e n t
deu t er i c t r e m o l i t i z a t i o n in the b i o t i t e py-
r o x e n i t e is not m a n i f e s t in the m a g n e t i t e
p y r o x e n i t e , but it has occurred in p a r t s of
t h e ' c o n t a c t zone.

M a n y dike s and a p o p h y s e s o f m a g n e t i t e
p y r o x e n i t e transect th e b i o t i t e pyroxen i t e .
A p h o t o g r a p h of a t y p i c a l e x a m p l e of the
d ike s is shown in p l a t e 2,B. The mineralog-
ical c ompo s i t i on of the dikes is s imilar to
t h a t of the main body of m a g n e t i t e pyroxe-
nite (tab l e 5), but the l a t t e r prevalent ly
contains more a p a t i t e and magne t i t e and
less b i o t i t e a n d / o r "vermiculite," Many o f
the dike s show a pronounced vert ical band-
ing r e s u l t i n g f r o m magne t i t e-r i ch layers ( p i .
2,5). The m a g n e t i t e in these d ike s is euhedral
and a p p e a r s to have c r y s t a l l i z e d early. T h i s ,
t oge ther with the f a c t that the layers paral-
l e l t h e d i k e w a l l s , s u g g e s t s that th e banding
r e s u l t e d f r o m f i o w a g e d i f f e r e n t i a t i o n (Bhat-
t a c h a r j i and S m i t h , 1964).

T h e f e l d s p a r - r i c h m a g n e t i t e p y r o x e n i t e
(M-108 in t a b l e 5) is wel l exposed in a cut
where the road crosses Rainy Creek on the
nor thwe s t e rn side of the p l u t o n . Pronounced
vertical laminat ion re su l t ing f r o m bands
rich in pyroxene, b i o t i t e , and m a g n e t i t e
w i t h i n f e l d s p a r characterizes t h i s rock. T h e
pyroxene d i f f e r s f r o m that in the other
p y r o x e n i t e s by having borders of aegirine-
a u g i t e (about Ac<o f r o m o p t i c a l p r o p e r t i e s )
where in contact w i t h the f e l d s p a r . The

p l a g i o c l a s e is a l b i t e that is present as ir-
regular pa t che s wi th in the or thoc lase . T h i s
rock is s imilar in nearly all r e spe c t s to the
f e l d s p a r - b e a r i n g p y r o x e n i t e a t Iron H i l l ,
C o l o r a d o , which Larsen (1942) and T e m p l e
and Grogan (1965) consider to be segrega-
tions w i t h i n the main mass of pyroxeni te .

A chemical analysi s and norm of a s ampl e
( M - 8 6 ) f r o m the main body of m a g n e t i t e
pyroxeni t e are l i s t e d in tab l e 6, t oge ther
w i t h an analysis of the t y p e j a c u p i r a n g i t e
for comparison. Viewed in t h i n sect ion, the
magnetite pyroxenite consists of subhcdral
to anhedral c l inopyroxene w i t h i n t e r s t i t i a l
magne t i t e , which embays the pyroxene and
a p p e a r s to p o s t d a t e i t . Both minerals
p o i k i l i t i c a l l y enclose f l u o r a p a t i t e prisms.
S p h e n e and andrad i t e , where pre s ent , are
g e n e r a l l y associated w i t h th e m a g n e t i t e ;
sphene also f o r m s rims or border zones on
the apa t i t e . The b i o t i t e a n d / o r "vermicu-
l i t e" occur as embayed f r a g m e n t s and op-
t i c a l l y continuous p a t c h e s that a p p a r e n t l y
are earlier than the pyroxene. M a g n e t i t e
contains l a m e l l a e o f i lmeni t e , v i s i b l e w i th
an oil-immersion o b j e c t i v e , which p a r a l l e l
the ( 1 1 1 ) p l a n e s o f the host. B u d d i n g t o n
and Lind s l ey (1964, p. 322) ascribe th i s
arrangement to o x ida t i on of u lvo sp ine l com-
ponent to i l m e n i t e under "normal" fo, con-
d i t i o n s . A s p e c t r o g r a p h i c analys i s of thi s
magnet i t e is shown in tab l e 7. It contains an
u n u s u a l l y low MgO content and a h igh ,
a l t h o u g h not excessive, amount of CroOa
relative to that in similar pyroxeni t e s and
j a c u p i r a n g i t e s .

A chemical analysis and l i s t of o p t i c
p r o p e r t i e s f or the c l inopyrox ene f r o m sam-
ple M-39 appear in t a b l e 8. T a b l e 9 l i s t s
p r o p e r t i e s f o r a d d i t i o n a l pyroxenes f r o m t h e
magne t i t e p y r o x e n i t e and m a g n e t i t e py-
roxenite dikes. The d e t e rmina t iv e curves
for the c l inopyroxene s , which were di scus sed
earlier, i n d i c a t e that the atomic ratios
of Fe (Fe-M-*- + Fe^: FC+++- + Fe++ + Mg)
range from 19 to 22 in the pyroxenes of the
main body of magne t i t e p y r o x e n i t e and 18
to 22 in the dikes .

The most conspicuous f e a t u r e of the
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magnet i t e pyroxeni te in thin section is
the island-in-sea texture produced by the
s t rongly embayed pyroxene and the inter-
s t i t i a l magne t i t e (p i . 1,3). A s imilar rela-
t ionsh ip occurs in m a g n e t i t e pyrox en i t e s
and j a c u p i r a n g i t e s at J a c u p i r a n g a , Brazil
(Melcher , 1954), Union Bay, A l a s k a (Ruck-
rriick and N o b l e , 1959), and in thin s ec t ions

: of I the Iron Hill, Co l orado , p y r o x e n i t e s
ji examined by the writer. Fockema and

M e n d e l s s o h n (1954) r epor t a s imi lar ar-
rangement between c l i n o p y r o x e n e and chro-
mite. Bateman ( 1 9 5 1 ) describes other
e x a m p l e s and p o s t u l a t e s that the ore
minerals are l a t e , remaining liquid as the
result o f "mineralizers" such as H 2 0 , F, S,
or p h o s p h a t e . Ruckmick and N o b l e (1959,
p. 1008) suggest that the i n t e r s t i t i a l mag-
n e t i t e might result f r o m the presence of a
eu t e c t i c on the m a g n e t i t e s ide of the sys-

TABLE 6
C H E M I C A L A N A L Y S I S * A N D N O R M O FM A G N E T I T E P R Y O X E N I T E ( M - 8 6 )

SiOj. .............A 1 2 0 , § . . . . . . . . . . .TiO,. ............Cr,0,§. ..........F e j O . . . . . . . . . . . . .F e O . . . . . . . . . . . . .N i O . . . . . . . . . . . . .MnO. ...........M g O . . . . . . . . . . . . .
S r O § . ............B a O § . . . . . . . . . . . .N a 2 0 . . ..........K s O . ............H s O + . . . . . . . . . . .
TJ /"%

P»0S. ............
T o t a l . . . . . . . . . .

M-86

36.891.521.520.0216.338.570.000.2710.7420.600.150.010.260.050.270:002.61
99.78

( 2 ) t

38.386.154.32
11.708.14
0.1611.4718.60

6.780.130.540.180.17
100.72

C . I . P . W . N o r m o f M - 8 6 J

neoranabr,p
mtwodi

( woen
f sD.I.C.I.

0.400.282.831.476.222.8823.764.0758.30
31.2326.810.252.15<60.60

* A n a l y s t : C. O. I n g a m e l l s . See t ab l e 5 for mode.
t Column (2) is an analys i s of the t y p e j a c u p i r a n g i t e f r o m J a c u p i r a n g a , Brazil ( W a s h -

i n g t o n , 1901).t N o r m was c a l c u l a t e d a f t e r s u b t r a c t i n g UiO+ and r e c a l c u l a t i n g t o t a l to 99.78.
§ S p e c t r o m e t r i c analyses by N. H. Suhr .

TABLE 7
S P E C T R O G R A P H I C A N A L Y S I S O FM A G N E T I T E F R O M M A G N E T I T EP Y R O X E N I T E *

A1203.CaO..T i O 2 .Fe 2 0 3

........ 0.30........ 0.38........ 1.7........ >30........ 0.63........ 0.35......... 0.13......... 0.20Not de t e c t ed: Ni, Cu, Sr, Ba, Zr
* A n a l y s t : N. H. S u h r .

MnO.V,05.MgO.

tern d i op s i d e -magne t i t e . However , Pre sna l l
( 1 9 6 6 ) showed that the j o i n d i o p s i d e -
magne t i t e intersec t s the divariant s u r f a c e
s e p a r a t i n g the d i o p s i d e and spinel primary
phase volumes at 21 weight per cent mag-
ne t i t e at about 1,300° C. in air atmosphere
to fo, = 10~G abn. At fo, = 1Q-8 atm.,
m a g n e t i t e is not s t ab l e on thi s j o i n . It was
not de termined if a reaction r e l a t i o n s h i p
ex i s t s between d i o p s i d e and magne t i t e at
this po int . It must be no t ed , however, that
lower t emperature s and the presence of
v o l a t i l e s may a l t e r these conclusions.
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Of in t er e s t is the observation that , in

th e m a g n e t i t e p y r o x e n i t e d ik e s , magne t i t e
occurs as ear ly euhedral to subhedra l crys-
t a l s enc lo s ed by c l i n o p y r o x e n e ( p i . 1 ,C). A
s imi lar r e l a t i o n s h i p was noted in some of
the border rocks at Union Bay by Ruckmick
and N o b l e ( 1 9 5 9 , p. 1004), who consider
c r y s t a l l i z a t i o n in the s e rocks to have been
r a p i d . T h e pr e s en t wri ter s u g g e s t s that
e a r l y c r y s t a l l i z a t i o n of m a g n e t i t e in the
d i k e s r e s u l t e d f r o m a h i g h e r fo , than in
the main body , as H a m i l t o n , Burnham, and
Osborn ( 1 9 6 4 ) have shown e x p e r i m e n t a l l y
that a r e l a t i v e l y high fo , f a v o r s earl i er
s e p a r a t i o n o f magne t i t e f r o m b a s a l t i c melt s .
The d ike s may also have f o rmed under a
h i g h e r fo, as s ugge s t ed by the abundance of
hydrou s minera l s .

E x c l u d i n g the sampl e s which contain
f e l d s p a r or abundant b i o t i t e or "vermicu-
li te ," the m a g n e t i t e pyroxeni t e conta ins
21.5-29.5 weight per cent magne t i t e . T h i s ,
when compared wi th the range of 22-29
per cent r epor t ed by I r v i n e (1959, p. 185)
in the pyroxen i t e s in southeas t ern Alaska
and the p o s i t i o n of the po int on the d i o p s i d e -
m a g n e t i t e j o i n at 21 weight per cent mag-
n e t i t e de t ermined by Pre sna l l ( 1 9 6 6 ) , l e n d s
added s u p p o r t to an igneous or ig in for these
rocks at Rainy Creek. M e t a s o m a t i c or ig ins
have been propo s ed for s imilar rocks by
many inves t igator s in other complexe s .

O R I G I N
The gross s t r u c t u r a l , mineralogic , and

chemical f e a t u r e s o f the Rainy Creek p l u t o n
T A B L E 8

C H E M I C A L A N A L Y S I S * A N D O P T I C P R O P E R T I E SOF CLINOPYROXENE (P-103) FROMM A G N E T I T E P Y R O X E N I T E

A n a l y s i s

S i O 2 ...........A l s O . f . . . . . . . . . .T i O s . . . . . . .....
Cr 2 0 s f .........F c , 0 » . . . .......F e O . . . . . . . . . . . .M n O . . . . .......M g O . . . . . . . . . . .C a O . . . ........N i O . . . . . . . . . . . .N a , 0 . . . . . . . . . . .K , O . . . . . . . . . . . .S r O f . . . . . . . . . . .B a O f . .........H 2 O - ..........

T o t a l . . . . . ....

«. = 1.692 + 0.(n0 = 1.698 + 0.(
Hy = 1.717 + 0.(1V-, ( c a l c u l a t e d ) =2Vy ( m e a s u r e d ) =

ZAC = 42° -44

51.591.860.61
<0.022.863.260.1814.6724.350.000.290.050.14<0.010.01
99.87

)01 ..........)01 ..........Ml ..........- 6 2 . 0 ° . .= 58° ........
0

C a t i o n s o n t l i e J J a
of 6 Oxygens

S iA 1 I V

CrFe-m-
Fe-1-1-MnM gCaN aKT iS rBaO

1.91410 . 0 8 1 J

0. 0800.1010.0060.8110.9670.0210.0020.0170.003
6.000'

is

2.00

2.01

6.00

P e r f e c t (100) p a r t i n gHand specimen is dark greenF a i n t l y p l e o c h r o i cI r r e g u l a r zoningOccasional opaque e x s o l u t i o nl a m e l l a e p a r a l l e l t o (100)and (001)

* A n a l y s t : C. O. I n g a m e l l s .
t S p e c t r o m e t r i c a n a l y s e s by N. H. S u h r .
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s trdngly! suggest that the b i o t i t e p y r o x e n i t e ,
b i p i u t i t j s y i i a h d ;magne t i t e p y r o x e n i t e were
' i e f i ^ l ^ i i b y ; d i f f e r e n t i a t i o n f rom a common
pki^tlmagma. The b i o t i t i t e occupies a
- en t r i i l l po s i t i on near the h ighe s t po int in
tpjfel t i l tramafic p l u t o n , and i t also r epr e s en t s

j j s& jm&r jk ed .concentration o f a lka l i me ta l s ,
f rrieiifii-i'sulfides, and volat i l e s relative to the: j S u ' r r p l i h d i n g pyroxeni t e . T h e r e f o r e , thi sij j | n t j | r , j j > f b p o s e s that H 20 existed as a sepa-
I'rk i e l jpha s e , and accumulated, along w i t h'aikai i i metal s and s u l f i d e s , near the roof o f
..thfe: magma chamber in the region of lowesttemperatures and pressures. The a lka l in e

Pegmat i t e s w i th in the b i o t i t i t e sugge s t that

A. L. B O E T T C H E R
H20 ex i s t ed as a s eparate phase , at least
in the la t e s tages of c r y s t a l l i z a t i o n . W h e t h e r
d i f f u s i o n alone could produce such large
g r a d i e n t s in the d i s t r i b u t i o n of H 20 is
prob l emat i c . Perhaps c i r cu la t i on of magma
in thermal-convection ce l l s could augment
d i f f u s i o n by br ing ing H 2 0-rich magma fromd e p t h to the top of the chamber. Convection
c e l l s of the t y p e i l l u s t r a t e d by Shaw (1965 ,
p. 148) for granit ic magmas would be par-
t i cu lar ly e f f e c t i v e , even more so in basic
melt s because of lower viscosity.

Kennedy (1955, p. 489) states that
"Water w i l l d i f f u s e and d i s t r i b u t e i t s e l f in
a magma so that the chemical p o t e n t i a l of

TABLE 9
P R O P E R T I E S O F C L I N O P Y R O X E N E S F R O M M A G N E T I T E P V R O X E N I T E S *

Rock
S a m p l e

ti-36. ...........

S p - 5 1 . . . . . . . . . . . .

1 ' J :iM-105
j ; : ; :Mr40 ...........

pi '•jf • 00|?2 ...........
i ^i l l IM-; 06. ..........

I ! 1 ': U ;
' i < [ ' C M D - 1 0 3i ! : f : |

; i • ' . : :':&&,...... ......

I n d i c e s

d t o T o o t
1.6921.6981.717
1.6911.6981.717
1.6931.7011.721
1.6921.7001.719
1.6901.6971.716
1.6911.6981.717
1.6941.7011.721
1.6871.6941.711

O p t i c
A n g l e

cooJO

59°

59°

58°

61°

60°

57°

63°

A v e r a g e
Z A C

43°

43°

44°

44°

44°

44"

F e O t

3.26

-t A*]O . ̂ t/

4.67

3.72

3 99

4.50

F c a O j f

2 Of.. oO

2.24

3.15

7 Q2

1.95

2.41

Accessory^
M i n e r a l s

N

B A

A

S T>It

N

N

B Af l

B F

: i ! • ' ] ; ' , * T h e last t w o pyroxenes a t e f r o m d ike s o f m a g n e t i t e pyrox en i t e .
' ' 1 j •' •! f FeOand F e j O t analyses by C. 0. I n g a m c l l s .

, tEve iyrock contains c l inopyro i ene , m a g n e t i t e , and a p a t i t e in add i t i on to the indi• N •» none, B = b i o t i t e or "vermicul i t c ," A = a n d r a d i t e , S = s p h e n e , and F = f e l d s p a r .icated accessory minerals:
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the water is the same throughou t the mag-
ma chamber. By th i s mechanism water
tends to be concentrated in the magma
chamber in the regions of lowes t pressures
and t emperature s . A l k a l i s and certain met-
als w i l l c o o r d i n a t e with the water and,
s i m i l a r l y , be concentrated in the regions of
l owe s t pres sure and temperature." How-
ever, this mechanism does not appear to be
a p p l i c a b l e to these rocks. H a m i l t o n et al.
(1964) have shown e x p e r i m e n t a l l y that the
s o l u b i l i t y of H 20 in m a f i c magmas increases
w i t h t o t a l pressure. In a d d i t i o n , the tem-
perature e f f e c t on the s o lub i l i ty of H 2O( S o r e t e f f e c t ) i n m e l t s o f t h e c ompos i t i on
of the Rainy Creek rocks is unknown.
F u r t h e r m o r e , that a l k a l i e s and other metal s
would co-ordinate w i t h H 2 0 ( h y d r o x y l ) in
solution seems improbable.

A c c o r d i n g to Wone s and Eugster (1965,
p. 1264), the ratio Fe+^rFe-1-1-1- + Fe++ of
b i o t i t e p r o v i d e s a rough e s t imate o f f o , — T
c o n d i t i o n s d u r i n g c r y s t a l l i z a t i o n . T h i s ratio
in b i p t i t e s RCB-12 and R C S p - 5 5 is 0.21 and
0.24, r e s p e c t i v e l y , which is close to the value
0.25 r e p o r t e d by Wones and Eugs t er for
b i o t i t e t ha t c r y s t a l l i z e d under F e j O i — F e 2 O s
b u f f e r c o n d i t i o n s . S t a b i l i t y curves f o r these
two b i o t i t e s , based on K F e + + A l S i 3 0 i o ( O H ) 2c on t en t s , were c a l c u l a t e d f r o m equation ( 6 ' )
of W o n e s and Eugs t er and are shown in
f i g u r e 4. Curves / and 2 s u g g e s t , w i th crys-
t a l l i z a t i o n under F e j O i — F e 2 0 s f o 2 — T con-
d i t i o n s , a maximum t e m p e r a t u r e of crys tal-
l i z a t i o n of the b i o t i t i t e of about 850° C. for
f n , o l e s s than 5 kb. At th i s t empera tur e , the
fo, of the b u f f e r is 10~8 atm. ( E u g s t e r and
Wones , 1962, p. 92).

In the system C a S i 0 3 - M g O - i r o n oxide-
S i 0 2 at a to ta l pressure of 1 atm., Presnall
( 1 9 6 6 ) showed that w i t h f r a c t i o n a l crys ta l-
l i z a t i o n at a constant fo2 of 0.21 atm., and
p e r h a p s as low as 10~° atm., s i m p l e o l i v i n e
p y r o x e n i t e l i q u i d s can yie ld magnet i t e py-
roxeni t e s . Presnall ' s r e s u l t s a t fo , = 10~8

atm. are shown in f i g u r e 2. The content of
the c o m p o n e n t s of t h i s system in the analy-
ses of the p y r o x e n i t e s ( t a b l e s 1 and 6),
t o g e t h e r w i t h an analys i s of the m a g n e t i t e
p y r o x e n i t e by Larsen and Pardee ( 1 9 2 9 ) ,

i s p l o t t e d in f i g u r e 2 a f t e r s u b t ra c t ing the
CaO present in a p a t i t e and r e c a l c u l a t i n g to100 per cent. T h e s e rocks are treated in this
s i m p l e t e t rahedron to i l l u s t r a t e that they
may have or iginated f r om a common parent
magma. A direct analogy between crystal-
l i z a t i o n in the synthe t i c system and in the
p r o p o s e d parent magma is i m p o s s i b l e , par-
t i c u l a r l y because b io t i t e , rather than o l iv ine ,
is present in the pyroxenite s . It is s u g g e s t e d ,
however, that the a d d i t i o n of v o l a t i l e s and
a l k a l i e s to this system wil l create a primary
f i e l d for p h l o g o p i t e , p e r h a p s at the expense
of olivine.

In f i g u r e 5, po in t 1 p l o t s w i t h i n the
primary volume o f o l ivine. W i t h f r a c t i o n a l
c r y s t a l l i z a t i o n , at a constant f o > , cool ing
to the l i q u i d u s t emperature would pre c ip i -
tate olivine, and the remaining melt would
change compos i t i on away f r o m Mg-rich
ol ivine toward point a. At thi s p o i n t , Mg-
rich d i o p s i d e c r y s t a l l i z e s wi th the o l ivine,
and the liquid proceeds to po int c. The
d i o p s i d e has become p r o g r e s s i v e l y richer in
Fe. In the v i c in i ty of point X", o l iv ine
would d i s s o lv e in the l iquid with equi l ibr ium
c r y s t a l l i z a t i o n in a C02 a tmosphere and at
10~ °- 6 8 atm. f o , ; there ar e i n s u f f i c i e n t da ta
to ind i ca t e whether the react ion r e l a t i o n -
sh ip p e r s i s t s at to, as low as 10~° atm.
N e v e r t h e l e s s , with f r a c t i o n a l c r y s t a l l i z a t i o n ,
the l i qu id leaves the boundary curve and
f o l l o w s an oxygen isobar on the d i o p s i d e -
m a g n e t i t e - l i q u i d s u r f a c e toward p o i n t 2,p r e c i p i t a t i n g d i o p s i d e and magnetite. W i t h
p e r f e c t f r a c t i o n a l c r y s t a l l i z a t i o n , t h e l i qu id
would continue to the s i l i c a - m a g n e t i t e -
d i o p s i d e - l i q u i d boundary curve, but w i t h
i m p e r f e c t f r a c t i o n a l c r y s t a l l i z a t i o n , t h e l iq-
uid would not reach the temperature mini-
mum and may or may not p r e c i p i t a t e
a d d i t i o n a l phases , d e p e n d i n g upon bu lk
compos i t i on . T h u s , in the s y n t h e t i c system,
frac t i ona l c r y s t a l l i z a t i o n has produc ed oli-
vine pyroxeni t e s f o l l o w e d by magne t i t e
p y r o x e n i t e s , and the pyroxenes become en-
riched in Fe.

In the case of f r a c t i o n a l c r y s t a l l i z a t i o n
under f i x e d bu lk c o m p o s i t i o n ( d e c r e a s i n g
f o , ) , Pre sna l l ' s da ta ar e less c ompl e t e in
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I ' l ! ' $ $ I n s t a b i l i t y curves o f b i o t i t e s . T h e curves were ca l cu la t ed f r o m equation ( 6 ' ) o f Wones a n d Eugsterl i & s F S l r v e s I and 2 represent the s t a b i l i t y of RCB-12 and R C S p - 5 S , r e s p e c t i v e l y , c o e x i s t i n g with mag-
k W l l i i ' i i i l i a r h a t i t e . Curves 3 and 4 represent the s t a b i l i t y of RCB-12 and R C S p - 5 5 , r e s p e c t i v e l y , c o e x i s t i n g
w i t h ! i l q u a r l : z i ' m a g r i e t i t e , and f a y a l i t e .mi m
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that they provide no conf irmat ion that the
react ion r e l a t i o n s h i p of o l iv ine p e r s i s t s as
it does w i t h e q u i l i b r i u m c r y s t a l l i z a t i o n at
high f o , . I f t h e reaction r e l a t i o n s h i p does
p e r s i s t , however, the sequence of c r y s t a l l i z a -
tion in the early s tages would be the same
if the m a g n e t i t e f i e l d boundary i s reached.
It i s considered u n l i k e l y tha t s i m i l a r assem-
b l a g e s could be obtained by f r a c t i o n a l f u s i o n
of o l i v i n e p y r o x e n i t e s ( P r e s n a l l , 1966). In
a d d i t i o n , wi th f r a c t i o n a l f u s i o n , th e mag-
ne t i t e p y r o x e n i t e would be generated f i r s t ,

.and this c o n f l i c t s with the f i e l d evidence
at Rainy Creek, if the order of emplacement
is also the sequence of magma generation.

Pyroxenes f r o m the b i o t i t e p y r o x e n i t e
and m a g n e t i t e p y r o x e n i t e contain l i t t l e Al
r e l a t i v e to s imi lar rocks, for e x a m p l e , those
f r o m M a g n e t Cove a n d I r o n H i l l . I n L e B a s ' s
(1962 , p. 275) d iagram of A1 2 O 3 agains t
S i 0 2 , Kush i ro ' s (1960, p . 549) d iagram o f
Al agains t Si , and Chain ' s ' (1965, p . 350)
diagram o f A1 2 against Si , th e pyroxenes
f r o m both p y r o x e n i t e s p l o t f a r w i t h i n t h e

C a S i 0 3

A K E R M A N I T E

C o M g S i

FeO( F e 3 0 , , )
FIG. 5 . — C r y s t a l l i z a t i o n o f p y r o x e n i t e s in the sys tem C a S i 0 3 - M g O - i r o n ox ide-SiOi. P o i n t s / , Z, and 3

r e p r e s e n t , r e s p e c t i v e l y , b i o t i t e p y r o x e n i t e RCPy-64, m a g n e t i t e p y r o x e n i t e M-86, and m a g n e t i t e p y r o x e n i t e(Lar s en and Parde e , 1929, p. 103). Point X" is the i n t e r s e c t i o n of the d i o p s i d e - m a g n e t i t e j o i n w i th the
boundary curve a l o n g which l i q u i d coex i s t s w i th o l i v i n e , c l i n o p y r o x e n e , and magne t i t e . Area d"b"e" rep-
resents the p l a n e along which liquid coexists with clinopyroxene and magnetite. Point a lies on the p l a n e
s e p a r a t i n g t h e p r i m a r y f i e l d s o f c l i n o p y r o x e n e a n d ol ivine. M o d i f i e d a f t e r P r e s n a l l ' s (1966, p . 769) d iagram
of f0, = 10-" atm.
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tho l e i i t i c ( A l - p o o r ) f i e l d s . S i m i l a r l y , these
pyroxenes p l o t with those f r om the Red
Hills and Dun M o u n t a i n dun i t e s and the
Bushveld, S t i l l w a t e r , and Skaergaard com-
pl ex e s in C h a l l i s ' (1965, p. 352) diagram of
Al s against Na. Hess (1960) suggests that
high pressures favor h igher Al contents in
c l inopyroxenes , but H y t o n e n and Scha ir er(1961) have prepared d i o p s i d e s with over
10 per cent A1 20 3 at 1 arm. to ta l pressure.
To account for the low Al contents of the
Rainy Creek pyroxenes, it is sugge s t ed that
b i o t i t e s eparated early in the b i o t i t e pyroxe-
nite and b i o t i t i t e , r e su l t ing f rom high pn.o,
thus f r a c t i o n a t i n g Al f rom the pyrox en i t e
melt, also e f f e c t i v e l y purging most of this
element from the res idual melt f rom which
the magnet i t e pyroxeni t e c ry s ta l l i z ed . Such
a iihechanism also would f r a c t i o n a t e K,

| i ; thereby e x p l a i n i n g t h e l o w K 2 0 content o f
j j i t h ' i e J magnetite pyroxenite relative t o that
i i of the b io t i t e pyroxenite. Experimental d a t a; I on the c r y s t a l l i z a t i o n of b i o t i t e c l inopyroxe-
'"• nites are lacking, but Luth (1963) hasinves t igated the system K A l S i O < r M g 2 S i 0 4 -

SiOz-HiO and has shown that p h l o g o p i t e is
s tab l e at l i q u i d u s t emperature s at PH,O as
low as 2 kb. The s e r e su l t s are not d i r e c t l y
a p p l i c a b l e , however, because p h l o g o p i t e is
s table to higher t emperature s than b i o t i t e .

The high magnetite content of the mag-
ne t i t e pyroxeni t e cons iderably increases the
FeO and Fe 2 0 3 content and reduces the
S i 0 2 and MgO content relative to that of
the b io t i t e pyroxeni t e . Cons equent ly , mis-
leading results are obtained when analyses
of these rocks are p l o t t e d on most variation
diagrams. For example , on the curves em-
ployed by Osborn (1959, p. 634; 1962, p.
223), such as the one p l o t t i n g FeO + F e 2 0 3against Si0 2 , the Rainy Creek pyroxenitesp l o t with a large negative s lope similar to
the Skaergaard l iqu id s . S u c h curves, there-
f o r e , f a i l to d i s t i n g u i s h between rocks that
contain magnet i t e and those that have
undergone strong Fe enrichment of the
ferromagnes ian si l icates . S i m i l a r l y , when
the analyses are p l o t t e d against the d i f f e r e n -
t ia t ion index ( T h o r n t o n and T u t t l e , 1960)
or the c r y s t a l l i z a t i o n index ( P o l d e r v a a r t and

Parker, 1964), the curves for F e O , Fe 2 0 3 ,
and MgO f o l l o w the trends of most o ther
d i f f e r e n t i a t e d su i t e s , whereas th e curves f or
S i 0 2 , A1203, and K20 are reversed.

More m e a n i n g f u l and r evea l ing r e s u l t s
are obtained f r o m p l o t s of the c r y s t a l l i z a t i o n
trends of the pyroxenes shown in f i g u r e 3.
A l s o shown in f i g u r e 3 are the pyroxene
trends of two h igh ly d i f f e r e n t i a t e d teschen-
i t e s i l l s , th e J a p a n e s e a l k a l i n e basal t series
and the Skaergaard gabbros. C l i n o p y r o x -
enes f r om Duke I s l a n d , A l a s k a ( I r v i n e ,
1963) and Union Bay, A l a s k a (Ruckmick
and N o b l e , 1959) p l o t s imi lar ly to those
f r om Rainy Creek, but the l a t t e r are
much poorer in Al. Both of the t e s ch en i t e
s i l l s contain abundant m a g n e t i t e — 4 to 10
per cent in the Garbh Ei l en s i l l (Murray,
1954, p. 25) and 6 to 15 per cent in the
Black J a c k s i l l ( W i l k i n s o n , 1958, p. 10).
Osborn (1959, 1962) considers the Skaer-
gaard trend toward s trong Fe enrichment
of the residual l i q u i d s as an ind i ca t i on that
f r a c t i o n a l c r y s t a l l i z a t i o n has occurred at
constant bu lk c ompo s i t i on (decreas ing f o , ) .
T h a t is, the l iquids do not remain on the
m a g n e t i t e - d i o p s i d e s u r f a c e ( p l a n e d"e"b"
in f i g . 5) a f t e r the appearance of m a g n e t i t e ,
but, rather, they leave this s u r f a c e and
continue in the d i r e c t i o n of Fe enrichment.
The two teschenite s i l l s , on the other hand,
appear to have c r y s t a l l i z e d under a more
nearly constant f o , , where "the 0 2 isobaric
s u r f a c e on which the liquid must remaininter s e c t s this m a g n e s i o f e r r i t e [ m a g n e t i t e ]
surface, and hence the f r a c t i o n a t i n g l iqu id
cannot s l i d e down the m a g n e s i o f e r r i t e roof
and continue to increase in iron content"
(Osborn, 1959, p. 628). The a d d i t i o n of
C a S i O s ( P r e s n a l l , 1966), C a A l 2 S i 2 0 8 (Roe-
der and Osborn, 1966), or up to 5 weight percent T i 0 2 ( S p e i d e l , 1964) to the system
M g O - F e O - F e 2 0 3 - S i 0 2 (Muan and Osborn,
1956) does not a l t e r this conclusion.

A l t h o u g h the Rainy Creek p y r o x e n i t e s
have f o l l o w e d a similar trend, the magnet-
i t e -d iop s ide sur face was reached while the
pyroxene was Fe-poor d i o p s i d e , and enrich-
ment of Fe in the pyroxenes was s l i gh t a f t e r
the appearance of magnet i t e ( f i g . 6). Pres-
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nail (1966) demonstrated tha t , with in-
creasing f o , , t h e m a g n e t i t e - d i o p s i d e sur face
moves toward d i o p s i d e and away f r o m the
"FeO" apex. T h e s e d a t a sugges t that the
Rainy Creek p y r o x e n i t e s c r y s t a l l i z e d at a
fo, higher than that in the hypabyssal
t e s ch en i t e s i l l s and at a fo, which was more
nearly constant or even increasing. Pres-
n a l l ' s work w a s conducted a t t empera ture s
much h i g h e r than those propo s ed herein,
and the Rainy Creek rocks probably crystal-
l ized under lower fo, than de scr ibed in the
above e x p e r i m e n t a l data.

In c onc lu s i on , it is sugge s t ed that the
b i o t i t e p y r o x e n i t e and the l a t e r m a g n e t i t e
pyroxenite are derived from a common par-
ent magma, but at d i f f e r e n t times. The
m a g n e t i t e p y r o x e n i t e l i k e l y wa s emplaced

as a hotter and dryer magma than was
b i o t i t e pyroxeni t e , and, f or thi s reasoi
does not appear to be a produc t of diffc
t ia t i on of the b i o t i t e p y r o x e n i t e ; tha
they are not linearly r e l a t e d .

F E N I T E
The f e n i t e at Rainy Creek is expose

two e x p l o r a t i o n p i t s near the northern
tact of the magnet i t e pyrox en i t e w i th
Belt Series. The f e n i t e is a replacemen
the W a l l a c e f o r m a t i o n , but the exact na
of the or iginal rock is unknown. Unal t
rock at a p p r o x i m a t e l y the same eleva
about 1,000 f e e t north of the f e n i t e
calcareous siliceous argi l l i t e . No otherposures have been encountered d u r i n g
s tudy. However, Larsen and Pardee (1

C a M g A- A C o F e

M g 10 so soA t o m i c Percent ~ro 90

Di
I- -I- -f- -t- -I- H d-I

( 2 ) ( 3 ) A t o m i c R a t i o
I ) P y r o x e n i f e

2 ) A p a t i t e - r i c h pyroxeni t e dikes
3 ) M a g n e t i t e p y r o x e n i t e
4 ) M a g n e t i t e p y r o x e n i t e d i k e s

FIG. 6 . — C r y s t a l l i z a t i o n t r e n d s o f pyroxene s: 1 , Rainy Creek p y r o x e n i t e s ; 2 , Black J a c k t e s chen i t e
( W i l k i n s o n , 1957); 3, Garbh Eilean teschenite sill (Murray, 1954); 4, Japane s e a lka l ine basalt series (A
1964); and 5, S k a e r g a a r d pyroxenes (Brown and V i n c e n t , 1963). Below, the atomic ratios of the Ri
Creek pyrox ene s (Pe4"1"h + Fe4"1" : Fe' i"+ + + Fe*4" -f- Mg) are p r o j e c t e d on the d i o p s i d e - h e d e n b e r g i t e jo
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.p'filfbxmiately the same location
S i c j l t n ' | r n ; ' b o u n d a r y , made u p o f

. i n y d i i l p b r U i i t e cut by numerous
. .__,]i£ ja-; y f emie l s" of aegirine-augite.
:ui' t | i s nowj inacce s s ib l e , but their petro-

_^j iGide s cr ip t i bh s and the location strong-
I l y ! | ( | | g J | l . : t H k f t f i e "syenite" i s f e n i t e .

! j - l i Tn'e l l en i t e: discovered by the presentI . - . r T j j j j . t ' l - i ; . ; | J r

j w r i t e r ] ' i s ' ' z o n e d , changing i n mineralogical
' ! ! aridi ichemical compos i t i on ou twardly f rom
' t h e contact with t h e p lu t on . Near t h e con-
tact, i t i s ' a dense, l i gh t -gray t o ye l l ow rock
composed most ly of microcline and contain-
ing black p o r p h y r o b l a s t s of garnet. Oriented

T A B L E 10
S P E C T R O G R A P H I C A N A L Y S I S O FS C H O R L O M I T E F R O MF E N I T E *
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* A n a l y s t : N. H. Suhr.

b io t i t e produce s a near-vertical f o l i a t i o n .
The microcline is t urb id , and all sections
show incipient to moderate muscovi t izat ion.
The garnet c on s t i t u t e s 20 to 25 per cent of
the f e n i t e and occurs as euhedra up to 1.5
cm. in diameter. Two varieties are pr e s en t ;

ibne is ye l low andrad i t e and the other is
I d a r ' k red-brown t o black schorlomite wi th
|| fa in t osci l latory zoning. Both are t o t a l l y
jj i lotropic. A s p e c t r o g r a p h i c analysis o f the;i s chorlomite is shown in table 10. N o t e1 should be given to the high T i 0 2 content.
; Both MnO and V 2 06 are apprec iab l e . The
'Jandrai i i t e i s p e r s i s t e n t l y associated with
sphene, the two forming aggregate pseudo-
mprph s! a f t e r schorlomite and accompanied
byi : ; h su l ior jdmate magnet i t e , which f ormed

S n j i j t K e breakdown o f s chor lomi t e (pi .
~" i j l j i e b i b t i t e in thi s f e n i t e occurs mos t ly

as resorbed f r a g m e n t s p a r t i a l l y replaced
by schorlomite and associated with scat-
tered magnet i t e . S p h e n e and a p a t i t e are
common accessories. Some spec imens con-
tain a few i rr egu lar pa t che s of granophyric
in t e rgrowth s o f p o t a s h f e l d s p a r and quartz.

F e n i t e was also observed in a pit 20 f e e t
f r om the rock described above, in a d ir e c t i on
away f r o m the igneous center. T h i s f e n i t e
is t h i n l y l amina t ed , the nearly ver t i ca l
layers of aggregat e s of b i o t i t e , red-brown
garnet, and aegir ine-augi t e a l t e r n a t i n g with
layers rich in po ta sh f e l d s p a r and muscovite.
S p h e n e and a p a t i t e are common accessories;
magnet i t e is present in minor amounts. The
aegirine-augi te appear s to be r ep lac ed by
the b io t i t e . All of the garnet is associated
with the b i o t i t e , commonly in small grains
which encircle aggrega t e s o f b i o t i t e . The
p r o p o r t i o n of garnet decreases ou tward, and
it contains less Ti than schorlomite as
indi ca t ed by a = 12.08 ± 0.02 A. No break-
down of the garnet to a n d r a d i t e was no t ed .

The exact sequence of changes in the ar-g i l l i t e s d u r i n g f e n i t i z a t i o n i s d i f f i c u l t t o
e s tab l i sh f r om p e t r o g r a p h i c data. Most ofthe b i o t i t e appears to be a transi tory phase ,
r e p l a c i n g pyroxene but breaking down to
garnet with advancing f e n i t i z a t i o n . The
absence of aegir ine-augi t e and the presence
of garnet in the inner f e n i t e zones may be
the result of higher t emperature s or the
absence of s u f f i c i e n t Na. The breakdown of
s chorlomite to a n d r a d i t e and sphene ap-
pears to be retrogressive. The absence of
this reaction in the garnet that contains
les s Ti away from the contact sugge s t s
t ha t , w i th decreasing t emperature , the
s o l u b i l i t y of Ti is reduced, thus occasioning
the breakdown. The alteration of potash
f e l d s p a r resembles that described in the
A l n o f e n i t e s (von Eckermann, 1948, p. 31)
in the "zone of maximum hydration."

Goranson ( 1 9 2 7 ) analyzed a e g i r i n e - a u g i t e
f r om the "syenite" ( f e n i t e ) c o l l e c t ed by
Larsen. The high TiC>2 content o f t h i s
pyroxene (2.57 per c e n t ) , t og e th er wi th the
abundance of s chorlomite and sphene, in-
dicate s that the f e n i t e s are rich in Ti. Al-
though an evaluat ion of the chemical
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changes d u r i n g f e n i t i z a t i o n must await
f u r t h e r work, it is concluded that ire+HH",
K, Ti, and P were i n t r o d u c e d , and Si and
p e r h a p s Na were removed. A l t h o u g h these
me ta s omat i c rocks are s imi lar to those sur-
r o u n d i n g o ther a l k a l i n e c omplex e s and
carbona t i t e s , the abundant garnet at Rainy
Creek i s a t y p i c a l , b e ing reported pr ev iou s ly
only at A l n o (von Eckermann, 1948) and
S e m a r u l e , Bechuanaland ( K i n g and Suther-
l a n d , 1960). F u r t h e r m o r e , the abundant
i n t r o d u c t i o n of K and removal of Na,
a l t h o u g h noted at A l n o , is uncommon. The
K has been a d d e d only in small amounts at
many areas and has even been removed at
S p i t z k o p , Transvaal (Strau s s and Truter ,
1 9 5 1 ) and Oka, Quebec ( G o l d , 1964).S a e t h e r ( 1 9 5 7 ) repor t s that the ratio o f
Na: K in f e n i t e s is a f u n c t i o n of the composi-
tion of the invaded host rock, but this does
not a p p e a r to be true in all cases. For ex-
a m p l e , Garson ( 1 9 6 2 , p . 51) writes that
"The end p r o d u c t of f e n i t i z a t i o n at T u n d u l u
[ M a l a w i ] is e s s e n t i a l l y the same whatever
the or ig inal c o m p o s i t i o n of the rock."
Dawson (1964, p . I l l ) s t a t e s that t h e pres-
ence or absence of quartz in the host w i l l
i n f l u e n c e the nature o f the f e n i t i z a t i o n , but
t h i s w i l l no t e x p l a i n t h e d i f f e r e n c e s a t , f o r
example , A l n o and S p i t z k o p where in both
cases the invaded rock is q u a r t z o - f e l d s p a t h -
ic. Part of the d i f f e r e n c e s in the ratio of
K : N a may p e r h a p s be e x p l a i n e d by the
f i n d i n g s o f O r v i l l e ( 1 9 6 3 ) that the composi-
tion of a vapor phase coexi s t ing with two
f e l d s p a r s is a f u n c t i o n of t emperature and
Ca content of the f e l d s p a r s .

The leas t known and most i m p o r t a n t
a spec t of f e n i t i z a t i o n is the source of the
f e n i t i z i n g ions. In the words of K i n g and
S u t h e r l a n d (1960, p. 5 2 1 ) , "A f e n i t i s e d
e n v e l o p e is pre sent whether the complex
consis t s of s i l i c a t e rocks only, s i l i c a t e rocks
and carbona t i t e s , or c a r b o n a t i t e s alone. The
source of the f e n i t i s i n g agencies is thus prob-
lematic." More rec ent ly, Dawson (1964, p.
107-108) has pr e s en t ed s trong evidence in
s u p p o r t of his conclus ion that "carbonate
bodies themselves are the source of the
f e n i t i s a t i o n ions." On the basis of the r e su l t s

of inve s t i ga t i on s at s imilar complexes , the
present writer suggests that the f e n i t i z i n g
f l u i d s at Rainy Creek did not emanate f r o m
any of the exposed rocks, and thi s is re-
garded as the best evidence for the existence
of carbonat i t e or a l k a l i n e rocks, such as
i j o l i t e at d e p t h .

C O N C L U S I O N S
S u r f a c e exposure s of the Rainy Creek

d i s t r i c t are considered to represent the up-
per part of the igneous c o m p l e x ; volcanic
a c t i v i ty may or may not have been present
at f ormer higher levels. The s i m i l a r i t i e s of
th i s complex to other a lka l ine centers,par t i cu lar ly those associated with carbona-
t i t e , t og e th er with the presence o f f e n i t e ,suggest that carbonati te , a lka l in e rocks, or
both exist at d e p t h . F u r t h e r evidence for
thi s sugge s t i on may derive f r om the work
of T e m p l e and Grogan (1965) at Iron Hill,
Colorado. T h e y suggest that vertical move-
ment along a major f a u l t exposed rocks
of lower l eve l s that inc lude carbonat i t e ,
uncompahgri t e , and g a r n e t i f e r o u s i j o l i t e ,
whereas those in the u p p e r l e v e l s in c lud e
bio t i t e-r ich and f e l d s p a r - b e a r i n g pyroxe-
nites, magne t i t e -perov sk i t e rock ( i n c l u d i n g
p y r o x e n i t e s ) , and garnet-poor i j o l i t e . All o f
the pyroxenites have similar counterparts
at Rainy Creek.

The a s sumpt ion that n e p h e l i n e syenites
are indica t ive of nearby carbonat i t e is wide-
spread in the l i t e ra ture . However, S m i t h
(1956, p. 208) concluded that pyroxenite
and i j o l i t e , not n e p h e l i n e syenite, are the
rocks "most commonly associated with
carbonatites." S i m i l a r l y , T o m k e i e f f (1961,
p. 747) s ta te s that "in respect of the f i n d i n g
of carbonat i t e d e p o s i t s , the most i m p o r t a n t
criterion w i l l be the presence of n ephe l in e-
pyroxene rocks of metasomatic origin, as-
sociated with p y r o x e n i t e s and per ido t i t e s . "

A l t h o u g h the Rainy Creek complex ap-
pears to contain less t i t a n i a and much more
p h o s p h a t e than s imi lar bodie s , th i s in part
may be only a r e f l e c t i o n of the erosional
level and ou t c rop pa t t ern. The p h o s p h a t e is
concentrated mostly in the magnetite py-
roxenite , in accord with the observation of
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i i ; c h ' ' c o n t a i n both b i o t i t e pyrox-,' pho sphorou s is con-

A. L. B O E T T C H E R

I f

„ aii1 intermediate rock t y p e
j & j f 4 bioti te, magne t i t e , a p a t i t e ,

gnesian s i l i c a t e s , and other minerals,
' / t h e ' o t h e r hand, i s concentrated

f n i i t e s j , trachytes , p e g m a t i t e s , and
'jenites at Rainy Creek and may be

i S j u i ' t ' l t d e p t h . Furthermore , t h e
! t i S ' ' b ' f t h e Rainy Creek rocks a p -
ibe^ihigher than in many s imi lar

||sf biit'Moore (1962), in a s t udy of
MJJ'igheoi i s • rocks of the western
ratatesf sugge s t ed that this ratio is
f unc t i on of geographic l o ca t i on than
Sr 1 ; inte 'rr ial processes.
/ | i m f e s t i g a t o r s have proposed that
f e ' ' o r ; carbonated alkali p e r i d o t i t e

'Sutherland, 1960) is the primary
alka i ine-u l t ramaf i c rock associa-
^experiirients on the me l t ing of

| fat pressures greater than 15 kb.
j j f i i fa i jd Ririgwood, 1964), the primary
OTJ'drthopyroxene increases with pres-

._. - . f thi s 1 impl i e s that f r a c t i o n a l mel t ing of
pif ido't i te could move the melt into the f i e l d

${• c r i t i c a l l y undersaturated alkali basal t s or,
[ k s ' p r e d i c t e d by H o l m e s and Harwood (1932)! arid: Powers (1935), early s eparat ion of hy-
persthene could impoverish the residual
i i i i e l t . in s i l ica. T i l l e y and Y o d e r (1964)

j question whether excessive amounts of
! ' o r t h b p y r o x e n e could remain without ac-
/ I c o m p a h y i n g amounts of c l inopyrox ene; they

' n e v e r t h e l e s s conclude that ex trac t i on of
' p y r o x e n e s l ead s to undersaturation. If con-
•|tiimed m e l t i n g to higher temperatures p u t s
• ' p y r o x e n e into the mel t , it may p r e c i p i t a t e

J a s . t h e melt cools during the rise toward the
! ; surf ace, again p r o d u c i n g undersaturated

;melts. Crystal s e t t l i n g could occasion sepa-
; [rat ion of crystals , p a r t i c u l a r l y in view of the
i I f a c t that alkaline complexes are re s tr i c t ed

' : i i t o .- i the s table p l a t f o r m s a n d shield areas.
^[During rapid rise of a magma, as might be: } expec t ed under orogenic c ond i t i on s , crys ta l-
l izat ion would occur at higher l eve l s and

lower pressures where ol ivine might be the
primary phase and the res idual melt would
not be under sa tura t ed . Reay and H a r r i s
(1964) have demonstrated that part ial fu-
sion of p e r i d o t i t e at low pressure (1 atm.)
produce s a melt wi th normative hyper s th ene
or hyper s th ene p lu s quartz. Because of the
large m e l t i n g interval of a lka l i ba sa l t s at
high f H , o ( Y o d e r and T i l l e y , 1962, p. 452),O ' H a r a (1965) suggested that t h e me l t ing o f
natural p e r i d o t i t e would yie ld sil ica-rich
l i q u i d s . However , the experimental work of
H a m i l t o n et al. ( 1 9 6 4 ) demonstrated that
fo, in a m a f i c magma grea t ly a f f e c t s the
m e l t i n g interval and order of c ry s ta l l i za t i on .
F u r t h e r work with b u f f e r e d charges may
s t r e n g t h e n the p o s s i b i l i t y that par t ia l f u s i o n
of p e r i d o t i t e s may produce me l t s capable of
p r e c i p i t a t i n g a l k a l i n e - u l t r a m a f i c rocks. S u c h
e x p e r i m e n t s wi l l be of p a r t i c u l a r importance
if the parent magma is carbonated.
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